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ABSTRACT
Electronic absorption and emission spectra of some {3-diketones, 
their vanadyl complexes and some selected metal chelates were in­
vestigated. All the 3-diketones, acetylacetone, trifluoroacetyl­
acetone, hexaf luoroacetylacetone, and a-methylacetylacetone exhibit 
a broad absorption band in the region 270-285 mu in 3M5? and in EPA 
solution that is assigned to a tt-tt transition of the chelated enol. 
The luminescences observed from the £}-dike tones are attributed to 
the dissociated enolate ions. Experimental evidence for the existence 
of relatively stable tautomers of enolate ions of (3-diketones is 
presented and discussed. An equilibrium study of the dissociation of 
hexafluoroacetylacetone in EPA solution is also reported.
The excitation technique was used to aid the identification of 
the characteristic emissions and absorption bands of the vanadyl- and* 
the metal-chelates. The emissions from the isomeric tautomers of 
vanadyl bis-(benzoylacetonate) were also observed. A singlet-triplet 
excitation band is reported for vanadyl bis-(hexafluoroacety1- 
acetonate) and sodium acetylacetonate. Spectral study indicates that 
sodium and beryllium acetylacetonates exist in the ion-pair form in 
EPA solutions.
A possible energy transfer mechanism for metal chelates that 
can lead to multiple emissions is discussed.
x
I. INTRODUCTION
Recently extensive spectroscopic studies of p-diketones and 
their related compounds have been made. Proton magnetic resonance 
studies1-^ show that (3-diketones exist in both the keto and enol 
forms. They are usually represented by the tautomeric equilibrium
H R2
%  X  *  ';0I > IC C ^ / ~"-c \
I I  Ri I R3Ri R3 ®-2
(a) (b)
in which la is the keto form and lb is the enol tautomer. Lintvedt 
and Holtzcla^T8 observed broadening of the enolic proton peaks In
1. Burdett, J. L., and M. T. Rogers, J. Am. Chem. Soc., 8 6 ,
2105 (19&I-).
2. Reeves, L. W., Can. J. Chem., 1351 (1957).
3. Reeves, L. W. , and W. G. Schneider, Can. J. Chem. , 36, 793 
(1958).
4. Rogers, M. T. , and J. T. Burdett, Can. J. Chem. , -̂3, 1516 (1965)
5. Lintvedt, R. L., and H. F. Holtzclaw, Jr., J. Am. Chem. Soc.,
8 8 , 2713 (1966).
6 . Burdett, J. L., and M. T. Rogers, J. Phys. Chem. , 79, 939 (1 9 6 6)
7. Kuo, J., Ph.D. Dissertation, Louisiana State University, Baton 
Rouge, (1966).
8 . Lintvedt, R. L., and H. F. Holtzclaw, Jr., Inorg. Chem., j?,
239 (1956).
the case of unsymmetrically substituted (3-dike tones; they suggested 
that the broadening was due to the field average of at least two 




0 "o 0' 0
1 II II IC ̂  C c C I
/  \  /  c \8-1 | R3 Ri | R3
R3 R-a
(b-) (b")
where Ra. £ R3 . In case that Ri = R3 , the (3-diketone is symmetric 
and lb' and lb" are identical.
According to Tsuboi9 and Cannon10 there is a potential barrier 
for the proton between the two atoms X and Y in a hydrogen bond,
X-H«**Y. This is illustrated in Fig, 1. The double well potential 
curve in a hydrogen bonded system and the probability of proton transfer 
across hydrogen bonds have been discussed by Cannon. 10 Reeves and 
Schneider3 have examined solvent effects on acetylacetone by proton 
magnetic resonance; these solvent effects indicated that there is a 
rapid hydrogen exchange between the solute molecules and the hydrogen 
bonding solvent molecules. In fact these effects can be explained by
9- Tsuboi, M,, Bull. Chem. Soc., Japan, 2 £ , 385 (1952).
10. Cannon, C. G., Spectrochim. Acta, 10, 3̂ -1 (^958).








. Possible Potential Wells for 
The Proton in a Hydrogen Bond.
proton transfer in these hydrogen bonded systems. Popova, et al,,11 
investigated enolic proton exchange between the structures lb' and lb" 
of hexafluoroacetylacetone by means of nuclear magnetic resonance of 
19F and estimated the lifetime of the enolic proton at one site or the 
other site to be T  £ 1.5 x 10 4 sec. This fact indicates the presence 
of double potential wells for the hydrogen atom in p-diketones.
Ogoshi and Nakamoto12 studied the infrared spectra of acetylacetone 
and hexafluoroacetylacetone and reported that the 0-H stretching band 
was weak and broad in acetylacetone and even weaker and broader in 
hexafluoroacetylacetone. Tsubomura13 studied intramolecularly hydrogen 
bonded 0-H stretching bands and suggested that in salicylaldehyde and 
methyl salicylate tautomeric structures increase the charge transfer 
through the hydrogen bond, shift the 0-H stretching bands to extra­
ordinarily low frequencies and weaken the band intensities. Shigorin, 
_et-.al. j14 observed the splitting of the 0-H***0 vibrational bands of 
acetylacetone at low temperature. The bands were broad at higher 
temperature due to the proton transfer. These authors estimated the 
height of the potential barrier which the proton must overcome on going 
from one potential well to the other and obtained 0.7 ev (l6 kcal/mole) 
in the case of acetylacetone.
11. Popova, E. G., D. N. Shigorin, N. N. Shapet'ko, A. P. Sholdinov, 
and G. A. Gol'der, Zh. Fiz. Khim., 2726 (1965).
12. Ogoshi, H., and K. Nakamoto, J. Chem. Phys. , 3113 (1966).
13. Tsubomura, H., J. Chem. Phys., 24, 927 (1956).
14. Shigorin, D. N., A. P. Skoldinov, T. S. Ryabchikova and G. A. 
Gol'der, .Zh. Fiz. Khim., J58, 1996 (1964).
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The electronic spectra of some [3-diketones have been in­
vestigated. 15 17 The blue shift of the tt- tt*  bands of the enolate ions 
upon, chelation with a proton has been attributed to the loss of the 
delocalization energy in the chelated enol. The enolated ions of 
acetylacetone, trifluoroacetylacetone, and hexafluoroacetylacetone have 
an absorption band in the vicinity of J00 mul7,la in an alkaline ethanol 
solution. Upon chelation the bands of acetylacetone and hexafluoro- 
acetylacetone shift to 273 mu and that of trifluoroacetylacetone shifts 
to 28^ mu in an ethanol solution. It seems that the difference between 
the band positions of the enolate ion and the chelated enol of (3-diketones 
cannot be attributed only to the loss of delocalization energy. Even 
though the same shift would not be expected for all (3-diketones because 
of the possible small differences in the delocalization energy, at 
least a similar band shift should be observed. The proton transfer 
between the two potential wells corresponding to two positions of the 
enolic proton should also be taken into account in explaining the band 
shifts in (3-diketones.
Kuo7 also investigated the absorption bands of some (3-diketones.
The most intense band observed in those compounds was assigned to the 
intramolecular charge transfer band and the band shifts due to different 
substituents on the chelate ring were attributed to the change of the
15. Belford, L., A. E. Martell, and M. Calvin» J. Inorg. Nucl. 
Chem., 2, 11 (1956).
16. Barnum, D. W., Ĵ. Inorg. Nucl. Chem., 21, 221 (1961).
17. Murakami, Y., and K. Nakamura, Bull. Chem. Soc., Japan, 39» 
901 (1 9 6 6).
18. Nauman, R. V., and L. T. Cheng, To be published.
donor-acceptor pairs. However, no significant red shift was observed 
when the solvent was changed from a nonpolar one to a polar one.
The photochemistry of the compounds containing a conjugated 
chelate system19 has been investigated by Mims20, Brierre21, and 
Williamson. 22 A delayed phosphorescence was observed from a solution 
containing one of the compounds which have a conjugated chelate system 
but it was not observed from the compounds which have no conjugated 
chelate system. The build-up of the phosphorescence was attributed 
to the photoproducts from a reversible photoreaction upon irradiation. 
Kuo7 also investigated the photochemistry of the chelated enols of 
aromatic (3-diketones and assigned the observed phosphorescences to 
the chelated enol and the keto forms of the compounds.
In classic resonance theory, 23 the enolate ion of 3-diketones 
can be described by the resonance hybridization, shown below, and the 
stability of the system is described in terms of the resonance energy.
19. Rasmussen, R. S., D. D. Tuunicliff and R. R. Brattain, J. Am. 
Chem. Soc., 71, 1068 (19^9).
20. Mims, S. S., Ph.D. Dissertation, Louisiana State University, 
Baton Rouge, (1958).
21. Brierre, R. T., Jr., M.S. Thesis, Louisiana State University, 
Baton Rouge, (1963).
22. Williamson, L.H., Ph.D. Dissertation, Louisiana State University 
Baton Rouge, (1965).
7. Kuo, J., o£. cit.
2 3. Pauling, L., "The Nature of The Chemical Band", 3 rd ed.,
Cornell University Press, New York, 19^0*
Structures II are so-called canonical forms. None of these structures 
can individually account for the properties of the enolate ion. In 
molecular orbital theory, 2 4 ’ 25 on the other hand, the enolate ion is 
described by structure III, and the stability of the species is 
described by the delocalization energy.
It is known that in describing a molecular species, the valence 
bond theory underestimates the possible contribution from polar
Ri I R3
R2
structure(s), whereas in the molecular orbital theory the same 
contribution is overestimated. 26
Probably there are some limiting cases in which actual molecular 
species have relatively stable isomers that are different only in the 
electronic distributions and the geometries. In this dissertation it
2k . Mulliken, R. S., Phys. Rev., ^2, 186 (1928).
2 5. Streitwieser, J., Jr., "Molecular Orbital Theory for Organic 
Chemists,11 John Wiley and Sons, Inc., New York, I9 6I.
26. Jaffe, H. H., and M. Orchin, -'Theory of Applications of Ultraviolet 
SpectroscopyJohn Wiley and Sons, Inc., New York, 1962.
will be shown that the enolate ions of (3-diketones exhibit such a 
limiting behavior. There probably exists an appropriate height of 
potential barrier between the potential minima for the structures Ila, 
lib, and lie due to the difference in the geometries of each structure. 
Thus the species represented by structures II which are originally 
indistinguishable may become distinguishable from each other by means of 
their electronic spectra due to the existence of a certain height of the 
potential barrier between them.
Closely related to the chelated (3-diketones are the metal P- 
diketoenolates in which the proton on the chelate ring is replaced by a 
metal ion. Although some extensive spectroscopic studies have been made 
on metal ptdiketoenolates, most of the investigations have been aimed 
at determining electronic configurations and transitions of the central 
metal ion.
Holm and Cotton27 did spectral investigations of thirty-one metal 
acetylacetonates. An unsuccessful attempt was made to correlate the 
ligand absorption band with the properties of the central metal ion. In 
connection with the experimental investigations of metal (3-diketoenolates, 
many theoretical calculations, mainly semiempirical, have been done for 
the acetylacetonate anion and its transition metal complexes. 1 5 ,1 6 ,2 8 ,2 9
2T. Holm, R. H., and F. A. Cotton, J. Am. Chem. Soc., 80, 5658 (1-958).
15. Belford, L., et al., o£. cit.
16. . Barnum, D. W., ££. cit.
2 8. Forster, L. S., J. Am. Chem. Soc., 8 6, 3001 (196^).
29* Barnum, D. W., J. Inorg. Nucl. Chem., 22, 183 (1961).
The different shifts of the ligand absorption band of metal chelates were 
ascribed to the different extents of n-bonding between the central metal 
ion and the ligand.
Ballhausen and Gray30 calculated electronic energy levels of the 
vanadyl ion. Their model has been used frequently in discussions of 
vanadyl complexes.31 More recently, McGlynn and Vanquickenborne32 did 
a similar calculation and obtained a considerable change in the energy 
gaps between the electronic levels, although the relative one-electron 
molecular orbital ordering of the Ballhausen-Gray scheme was not 
changed.
Experimentally, Ortolano, Selbin and McGlynn33 observed a band 
at 2 5 ,0 0 0 cm 1 in vanadyl bis(acetylacetonate) and tentatively assigned 
it to be a charge transfer band from a ligand filled bonding orbital to 
a half-filled metal orbital. However, in a later report Selbin, Maus 
and Johnson34 observed the bands in region 21-2 5 ,0 0 0 cm 1 for several 
vanadyl {3-diketoenolates and assigned the bands to be a charge transfer 
and/or singlet-triplet bands of the ligands.
30. Ballhausen, C. J., and H. B. Gray, Inorg. Chem. , _1, 111 (1962).
31. Selbin, J., Coord. Chem. Rev., JL, 293 (1966).
32. Vanquickenborne, L. G., and S. P. McGlynn, Theoret. Chemica 
Acta, (Berlin), %  390 (1968).
33* Ortolano, T. R., J. Selbin, and S. P. McGlynn, J. Chem. Phys.,
4l, 262 (196^).
3k. Selbin, J., G. Maus, and D. L. Johnson, J. Inorg. Nucl. Chem. ,
2 2, 1735 (1967).
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In view of the lack of a thoroughly satisfactory and unambiguous 
assignment of the electronic bands observed for the vanadyl complexes 
in the visible and near ultraviolet region, a spectroscopic investiga­
tion of absorption and luminescence of vanadyl and some other selected 
metal p-diketoenolates was undertaken. The main purposes of this study 
were (i) to investigate the effects of the metal ion or molecular ion 
on the ligand electronic spectra and (ii) possibly, to resolve the metal 
electronic bands or metal-ligand charge transfer bands from the ligand 
bands in the near ultraviolet region. For the latter purpose, a 
selective excitation technique was used.
II. EXPERIMENTAL
A. Compounds and Solvents
Acetylacetone from Fisher Scientific Co., trifluoroacetylacetone 
and hexafluoroacetylacetone from Peninsular ChemReseareh Iricv; arid 
ff-methylacetylacetone (3-methyl-pentanedione-2 ,̂ ) from K and K 
Laboratories, Inc. were vacuum distilled twice before they were used.
All the vanadyl (3-diketoenolates were donated by Professor 
Selbin's group in these laboratories. All of them were further 
purified either by vacuum sublimation or recrystallization from proper 
solvents as described by Selbin, jet al. 34
Rare earth metal (3-diketoenolates which had been purified by 
vacuum sublimation35 were provided by Dr. Jaime Chiang of Professor 
Berg's group. They were used without further purification. Beryllium 
and thorium acetylacetonate obtained from K and K Laboratories, Inc. 
were vacuum sublimed.
Sodium acetylacetonate was prepared by adding NaOH-ethanol 
solution to a solution of acetylacetone in 9 %  ethanol. A slight 
excess of acetylacetone was maintained. The salt was recrystallized 
twice from absolute alcohol and then from absolute alcohol to which a 
small amount of spectro-grade ^'^thylpentane had been added. The
3^. Selbin, J., at-al. , oj>. cit.
35* Chiang, J. J. A., Ph.D. Dissertation, Louisiana State University,
Baton. Rouge (1967) •
11
12
product was washed with spectro-grade 3-methylpentane and dried and 
stored under vacuum. The product was a white crystalline solid which 
decomposed above 207°C. 36 (Gale, for NaCs^O^"2H2 0: °joC 37*97* $H 6.97; 
Found $C 38.08, 6.72)
All compounds used in this study were freshly purified and were 
stored in the dark, and in addition the metal chelates were stored in 
a vacuum desicator during the study.
Phillips pure grade 3-me^ylpentane was purified by stirring it for 
twelve hours with Mallinckrodt fuming sulfuric acid. The hydrocarbon 
layer was washed with distilled water, neutralized with saturated sodium 
carbonate solution, and then rinsed four times with distilled water.
The solvent was dried for a minimum of twenty-four hours over anhydrous 
magnesium sulfate and then distilled by means of a 30 inch glass packed 
column at the rate of 10-20 drops per minute. EPA, a mixed solvent, 
consisting of 5 parts of ethyl ether, 5 parts of isopentane and 2 parts 
of ethyl alcohol by volume from Hartman-rLeddon Co. was used without 
further purification. Fresh solvent from unopened bottj.es x-ras used 
for emission measurements. All these solvents showed no emission or 
absorption in the wavelength range studied and formed transparent 
rigid glasses at 77°K.
An ethanol solution of 0 .1U sodium ethoxide was made by dissolving 
sodium metal, which had been dipped in absolute alcohol. The NaOEt 
concentration was determined by titrating an aliquot of the solution
36. Pamphlet, Research Organic/Inorganic Chemical Co., Sun Valley 
California.
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in distilled water with 0.100N hydrochloric acid; methyl red was used 
as the indicator. The concentration was adjusted to 0.100N by adding 
absolute alcohol. U.S.P. grade absolute ethyl alcohol from U.S. 
Industrial Chemicals Co. was used in the preparation of the NaOEt 
solution. No emission or absorption in the wavelength range studied 
was detected.
B. Spectral Measurements
Absorption Spectra: A Cary Model l4 double beam, double monochromator,
ultraviolet-visible-near infrared recording spectrophotometer, produced 
by the Applied Physics Corporation was used for recording absorption 
spectra. Beckman matched 1cm rectangular quartz absorption cells were 
used. When it was necessary 1mm, 5c'ns or 10cm Aminco matched quartz 
absorption cells were used.
Absorption spectra from solutions at liquid nitrogen temperature 
(TT°K) were recorded by means of the same spectrophotometer which was 
modified in the following manner. The cell holder in the sample 
compartment was removed and the sample compartment lid was replaced 
by a wooden plate which provided support for a suprasil quartz dewar 
which contained liquid nitrogen. A sample cell was suspended in the 
center of the dewar in the light path. During the spectral 
measurement the sample compartment was continually flushed with dry 
nitrogen gas to prevent the condensation of moisture on the dewar 
surface. When the low temperature absorption spectra were recorded the 
instrument was run in the double beam mode with an identical Beckman 
1cm rectangular quartz absorption cell filled with solvent at room 
temperature in the reference beam.
1U
Low temperature absorption, spectra were corrected by substracting 
the quartz dewar absorption which was obtained by means of the same 
arrangement when the sample cell was filled with the pure solvent. No 
attempt was made to obtain the extinction coefficient of any absorption 
band recorded at 77°K.
A Cary 100cm gas absorption cell occupied the sample compartment 
of the Cary 1^ x?hen vapor absorption spectra were recorded. The 
absorption baseline was obtained after the sample cell was evacuated 
to about lOu-Hg for at least 8 hours and a proper compensator screen 
was placed in the reference compartment. The samples were injected 
through the sample gas connector into the absorption cell, and the 
vapor pressure inside the cell was adjusted by means of a vacuum line 
system. During the absorption measurements the pressure inside the 
cell was maintained constant.
Emission and Excitation Spectra: Unless otherwise noted, all emission
and excitation spectra were recorded by means of a Cary Model l4 
spectrophotometer, which was operated in the single beam mode; exciting 
light from an Osram Xenon XBO-450 watt lamp monochromatized by a Cary 
Model 15 excitation monochromator was used; and the detector was an 
RCA IP28 photomultiplier tube.
The total emission spectra were recorded with the Cary l4 
spectrophotometer to which a total emission apparatus was attached at 
the normal position of the tungsten visible light source. The 
monochromatic exciting light originated from the Osram Xenon lamp-Cary 15 
monochromator system from which the U.V. filter (Corning No. 7910),
15
which normally is located at the entrance of the light tube from the 
lamp compartment was removed in order to permit operation in the U.V. 
region. The front surface excitation technique was used.
In order to obtain the phosphorescence and phosphorescence 
excitation spectra, the total emission apparatus was replaced by a 
rotating disc Becquerel type phosphoroscope. A variable speed motor 
was attached to the phosphoroscope in order to adjust the rotational 
speed of the disks to meet the optimum operating condition for the 
different phosphorescence lifetimes. The spectrophotometer was operated 
in the same mode as it was in recording the total emission spectra.
The excitation spectra were recorded by monitoring the appropriate 
emission band and scanning the Cary 15 excitation monochromator; in 
other respects the arrangement was identical with that used for re­
cording the emission spectra.
When phosphorescences were so weak that the technique described 
above was not applicable, a 1,000 watt General Electric A-H6 high 
pressure mercury arc replaced the Cary 15 exciting monochromator as the 
exciting light source.
The apparatus arrangements for total emission and phosphorescence 
recording are similar to those described by Holloway37 and Kuo.7
The phosphorescence lifetimes were determined by means of the 
following procedure. The sample solutions were excited by the full
7. Kuo, J., op. cit.
57. Holloway, H. E., Ph.D. Dissertation, Louisiana State University,
Baton Rouge, 1967.
intensity of an A-H6 mercury arc equipped with a guillotine type 
shutter. The emission was detected by a 1P28 photomultiplier tube 
connected to an Aminco amplifier unit. The decay time of the amplifier 
circuit in the range used was found to be very short compared to the 
phosphorescence decay lifetimes and should introduce no error in the 
measurements. The amplifier output was displayed on a Tektronix Type 
536 oscilloscope equipped with a C-12 polaroid-back camera. The scan 
rates on the scope were calibrated at low rates with a stopwatch and 
at fast rates by use of a 60 cps AC signal.
The decay of the phosphorescence for each sample was photographed 
from the oscilloscope tube after the shutter on the A-H6 excitation 
lamp was closed. The decay lifetimes were determined from the slope of 
the logarithm of phosphorescence intensity vs. time plot.
All sample solutions were freshly prepared immediately before 
spectral measurements. The sample solution used for the emission and 
excitation spectral studies were degassed by a repetitive melt-freeze- 
pump technique and then sealed. In order to minimize the moisture,
SAFE sodium (a Na-Pb alloy) was added to the purified hydrocarbon solvent 
and the solvent was vacuum distilled directly to the quartz sample 
tube from sodium and then degassed and sealed. In all cases, 2cm O.D. 
emission free high quality quartz tubes were used. The concentrations 
found suitable for the most of the spectral measurements were about 
10"3 to 10"%.
For low temperature studies, all samples were allowed to solidify 
at least 15 minutes at liquid nitrogen temperature to insure maximum 
rigidity of the glass before spectral measurement. No attempt was made
to calibrate the emission and excitation spectra for the excitation 
light intensity and the phototube response at different wavelengths.
III. RESULTS AND DISCUSSION
A. B-Diketones
It has been reported1 ’7 that acetylacetone, trifluoroacetylacetone, 
and hexafluoroacetylacetone exist mainly in the chelated enol form, 
while a-methylacetylacetone exists predominantly in the keto form. 
Therefore, the absorption spectra of acetylacetone, trifluoroacetyl- 
acetone, and hexafluoroacetylacetone are expected to be mainly those of 
the chelated enol tautomer and that of cv-methylacetylacetone is expected 
to show both the chelated enol and the keto tautomer bands. Table I 
gives the spectral data from those B-diketones. All the fj-diketones 
studied show a structureless broad band except hexafluoroacetylacetone 
in EPA solution and af-methyl acetylacetone in JMP and in EPA solution 
at 77°K.
Acetylacetone has a single broad but intense absorption band 
at 271 mu that is not much affected by solvent and temperature. This 
lack of solvent and temperature effects implies that the species 
Responsible for the absorption band is intramolecularly hydrogen bonded. 
Usually, an intramolecular hydrogen bond is stronger than an intermolecular 
hydrogen bond which involves the solute and the solvent molecules and, 
consequently, the intramolecular bond shows little solvent and temperature
1. Burdett, J. L., et al., o£. cit.




Absorption Spectral Data of 8-Diketones
(3-diketone Solvent
Room Temp.a 77°K
\nax(mu ) e xlO' 3 ■̂max(mu)








1 0 .2 272
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a. Extinction coefficients are expressed in liter/qiole-cm.
b. The figures in the parentheses are those of shoulders.
c. Band intensities vary with the concentration and aging.
effects. o'-Me thy lace ty lace tone in 3MP has two absorption bands; upon
changing solvent from 3MP to EPA the shorter wavelength band is red
shifted from 2kS mu to 255 mu while the longer wavelength band maintains
its peak at 287 mu but loses the slight indications of structure. The
intensity of 2k8 mu band is much greater than that of the 287 mu band.
Since the 287 mu band is little affected by the change of solvents and
has e = 2.3xl03 it is likely to be the tt- tt*  transition of the chelated
enol. The red shift and the intensity of the 250 mu band indicate that
*x*
t h e  b a n d  c a n  b e  a s s i g n e d  t o  t h e  tt- tt t r a n s i t i o n  o f  t h e  u n c h e l a t e d  s p e c i e s .
If this band belongs to the unchelated enol form, it would seem that in 
EPA solution there should be a greater intensity at 509 mu, the position 
of the enolate ion absorption band, and the change in intensity in 
0.1 N NaOEt-EtOH solution should be greater because the enol form would 
be expected to dissociate into the enolate ion in this solution. How­
ever, the fact that the 250 mu band shifts to only 257 mu and remains 
quite intense in 0.1 N NaOEt-EtOH solution indicates that the species 
responsible for this absorption band is the keto form of a-methyl- 
acetylacetone.
Upon replacing a methyl group of acetylacetone with a trifluoro- 
methyl group, that is, in the case of trifluoroacetylacetone in 3MP 
solution, the chelated enol absorption band shifts to 280 mu and has a 
decreased intensity. This band further shifts to 28^ mu in EPA solution 
and exhibits the largest solvent shift that is observed in these studies 
of (3-diketones. Replacement of the second methyl group of trif luoro­
acety lacetone with a trifluoromethy1 group brings the band back to shorter 


















Fig. 2. Absorption Spectra of Acetylacetone at Room 
Temperature.
as 1.63x10-5; M in EPA. bs M In 3MP.
















Wave number, kK 
Fig, 3. Absorption Spectra of Trifluoroacetylacetone 
at Room Temperature. .
as 3.1^xl0-7 M in EPA. b: 2.09x10*-** M in 3MP, 
























Fig. 5* Absorption Spectra of Hexafluoroacetylacetone at Room Temperature, 
a: 0.89x10-^ in 0.1 N NaOEt-EtOH. 
bt 2.10xl0-7M in 3MP.
c: 2 .23xl0~f;M, 10 mm cell ....nds 2 .23x10- ^  100 mm cell equilibrium.
The absorption spectrum of hexafluoroacetylacetone in EPA 
solution is unique. The spectrum changes with time as well as concentra­
tion. In higher concentrations it has absorption bands at 271 mu,
305 mu and 315 mu. The 271 mu band is the most intense in fresh solutions. 
However, as the solution ages, the intensity of this band decreases and 
that of the other bands increases. This change becomes more pronounced 
in dilute solution, and the relative intensities of the bands even 
invert as time passes. This fact strongly suggests that there is a 
dissociation or reaction taking place upon dilution and aging because 
the new bands at 3^5 mu and 315 mu are not observed in the case of the 
other related p-diketones in the same solvent. The spectrum of hexa- 
fluoroacetylacetone in dilute EPA solution matches the spectrum from 
0.1 N NaOEt-ethanol solution. Since the latter absorption spectrum 
corresponds to the enolate ion spectrum, this indicates that the new
bands observed in EPA solution belong to the enolate ion.
The absorption spectra of the p-diketones in 3MP an(l iu. EPA 
solutions at room temperatures are shown- in Figs. 2-6. The enolate 
ion absorption spectra are also shown in the same figures. Based on
the extinction coefficients measured for the absorption bands of the
p-diketones (see Table I), all the intense bands observed in the 
region 310- 2^0 mu can be assigned to t t - t t *  transitions15’16’27 of the 
respective p-diketone and enolate ion. No weak transition corresponding 
to an n - T T  transition of the carbonyl chromophore was observed. This 
band is expected to exhibit a hypsochromic shift upon chelation and 
is probably hidden under the tail on the shorter wavelength side of 
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Fig. 6. Absorption Spectra of a-Methylacetylacetone 
at Room Temperature.
a: 2 .92XIO-7M in EPA. b; 1.96x10-^ In 3MP* 
c: 1.57x10“^  in 0.1 N NaOEt-EtOH.
The electronic absorption bands of the chelated enol of the 
P-diketones have been assigned to a transition which involves an 
intramolecular charge transfer from the enol subgroup to the keto sub­
group7. The relative band shifts due to substitution were then ascribed 
to the different donor-acceptor pairs. If this is the case, the 
absorption bands should show a large bathochromic solvent shift; how­
ever, no appreciable band shift was observed when the solvent was 
changed from nonpolar to polar.
On the other hand, the tt- tt*  transition of the enolate ion which 
exhibits a hypsochromic shift upon chelation with a proton has been 
attributed to the loss of delocalization energy. 15 17 If the hypso­
chromic shift due to the chelation can be entirely attributable to the 
loss of delocalization energy, the blue shift would be expected to be 
the same or at least nearly the same in all cases; at least it would be 
expected that the band shifts of those p-diketones would show a trend. 
However, the shift is rather irregular as is shown in Table II. 
Consequently, there must be an additional effect on the absorption 
bands of the chelated enols due to the enolic proton.
As mentioned previously there are two possible isomeric enol 
forms of the unsymmetrically substituted p-diketones (See page 2).
The relative stability of structures lb1 and lb" depends on the
7. Kuo, J., 0£. cit.
15* Belford, L., A. E. Martell, and M. Calvin, op. cit.
16 . Barnum, D. W., oja. cit.
17. Murakami, Y., e£ al., oj>. cit.
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Table XI
Absorption Bands of the Chelated Enol 
and the Enolate Ion of B-Diketones
Q kChelated Enol Enolate Ion Band Shift
(mu) (mu) (kcal/mole)
Haca 271 29k 5.37
Htfa 284 294 2.23
Hhfa 271 303 7.24
Hmaa 287 309 4.59
Hbza 508° cvj 2.99
Hdbm 340° 350d 1 .5 6
a. In alcohol solution.
b. In 0.1 N NaOEt-ethanol solution.
c. Sjjiajj: Hbza 52.8 x 103; Hdbm 19.6 x 103 1-mole 1 -cm x.
d* bza 8.8 x 10s; dbm 11.8 x 103 1-mole 1 -cm 1.uia.x
substituents Ri, Rg and R3, and are determined by the relative depth of 
the potential wells. See Fig. 1. The rate of conversion from lb' to 
lb", or lb" to lb1, depends on the rate of proton transfer from one 
oxygen atom to the other which in turn depends upon the height of the 
potential barrier between the two potential wells.
For symmetric aliphatic substituted chelates the potential barrier 
is probably very small (Fig. la), or possibly no such barrier exists 
(Fig. lb). Therefore, the enolic proton in symmetric aliphatic 
P-diketones probably transfers very rapidly from one oxygen atom to the 
other. One can say that lb1 and lb" are in rapid tautomeric equilibrium. 
However, in an unsymmetric chelated enol in which the substituents on 
both side of the chelate ring are different, one would expect that the 
potential wells of the enolic proton in structures lb' and lb" would 
have different depths and that the barrier between the two potential 
wells would be higher than that in the symmetric chelated enols. 
Therefore, the enolic proton would not be expected to transfer as fast 
as that of the symmetric chelated enols. Possibly when the barrier is 
sufficiently high lb1 and lb" can be distinguished. Holtzclaw, et al . , 5 
investigated proton magnetic resonance of p-diketones and reported a 
broadening of the enolic proton peak of acetylacetone and of trifluoro- 
acetylacetone and some other unsymmetric p-dicarbonyl compounds. 
Apparently, in the case of acetylacetone the broadening is due to the 
rapid proton transfer whereas in trifluoroacetylacetone it is caused 
by averaging the chemical shifts of at least two unsymmetric tautomers.
In general, if there is a charge transfer structure, which
30
contributes to the ground and the excited states of a molecule, it 
would be more important in the excited state than in the ground state.
Eda and Ito38 suggested that there is a significant contribution of 
such a charge transfer structure to the dipole moment of the conjugated 
chelated system. However, the contribution of the charge transfer 
structure to the excited state of a symmetric aliphatic p-diketone 
would be unimportant because the charge transfer through the proton is 
very fast in these compounds. In the case of the unsymmetric aliphatic 
P-diketones, on the other hand, such a contribution would repain important 
to the excited state of the molecule because the proton transfers slowly 
in these compounds due to the presence of a definite potential barrier 
which the proton must overcome on going from the isomeric structure 
lb1 to the structure lb" or vice versa. Consequently, the absorption 
bands of unsymmetric p-diketones would be expected to show more 
bathochromic solvent shifts than those of symmetric p-diketones. A 
comparison of the absorption spectra of p-diketones in the vapor phase 
with those of the same compounds in solution supports this conclusion.
Fig. 7 gives the vapor absorption spectra of acetylacetone, trifluoro­
acety lacetone , and hexafluoroacetylacetone. The absorption band of 
trifluoroacetylacetone in the vapor phase is shifted 1 ,5^0 cm 1 to the 
blue of its position in EPA solution, whereas those of acetylacetone 
and hexafluoroacetylacetone are shifted by 1 ,0 0 0 cm 1 and 800 cm 1, 
respectively. A solvent shift indicates that the hydrogen bonding 
properties of these carbonyl groups in the ground state differ from the
58. Eda, B., and K. Ito, Bull. Chem. Soc. Japan, jjO, l6 h  (1957)-
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hydrogen bonding properties of these same groups in the excited state. 
The larger band shift to the red in polar solvents reflects a larger 
polarity in the excited state than that in the ground state. This is 
consistent with the interpretation discussed above.
The schematic energy levels of the chelated enol HC and those of 















S indicates state and the subscripts 0 and 1 indicate the ground and 
the excited states, respectively. The relative positions of the states 
depend on the compounds and the media. Ao and Ax are hypothetical 
states which are formed by adding the energies Vo and Vi to the states 
S6 and Si, respectively. V0 and Vi are the delocalization energies of 
the enolate ion C in the ground state So and the excited state Sx, 
respectively.
The shift of the enolate ion tt- tt*  band upon chelation is








Fig. ?. Vapor Absorption Spectra of 0-Diketones at Room 
Temperature.
a: Haca. b: Htfa. c: Hhfa,
in which Wo and Wi are respectively the sum of the energies of the 
0-H bond, hydrogen bonding, delocalization, solvation and some other 
effects which are relatively small in the ground and the excited states 
of the chelated enol HC. By the definitions Wo - Vq and Wi - Vi are 
respectively the differences in energy between the chelated enol and 
the enolate ion in the ground and the excited states. Since the band 
shift depends on the differences in energy between the chelated enol 
and the enolate ion in the ground and the excited states, the blue 
shift upon chelation for the p-rdiketones cannot be attributed only to 
the loss of the delocalization energies.
For the P-diketones listed in Table IX, AE - AE1 >  0. This
inequality indicates that Wo - V o > W i  - Vi. The larger the difference 
between the Wo - Vo and the Wi - Vi the larger the blue shift. There 
are two main factors which may cause the difference in the band shift 
upon chelation. For the symmetric aliphatic p-diketones proton 
transfer between the two oxygen atoms in the chelated enol takes place 
very rapidly and increases Wo - Vo. Although the same proton transfer 
takes place in the excited state, it would not compensate for the 
decrease in the deloealization energy due to an electron being raised 
to an antibonding orbital. Thus the net effect of the proton transfer 
on the band shift of the symmetric p-diketones is a blue shift. How­
ever, in the case of trifluoroacetylacetone, the proton transfers 
more slowly, consequently the contribution of the proton transfer to 
the stabilization of the ground state would be smaller than that in 
the case of the symmetric p-diketones. Furthermore, as discussed in 
the previous section, the charge transfer structure of trifluoroacety1-
acetone is important in the excited state. Therefore, one would 
expect larger solvent effects which lower the excited state. Hence 
the blue shift of the enolate ion tt- tt  band upon chelation would be 
smaller in the case of trifluoroacetylacetone.
Therefore, we may conclude that the relative shifts of the tt- tt  
bands of aliphatic 0-diketones due to substituents can be ascribed to 
the difference on (i) the inductive and resonance effects of the 
substituents; (ii) charge transfer through the enolic proton.
In the case of aromatic 0-diketones, which have one or two phenyl 
groups on the 0-carbons, the chelate ring conjugated system is ex­
tended further to the phenyl group or phenyl groups. In these cases 
the chelate ring and the phenyl groups contribute to the stability of 
the molecule. It is likely that the latter contributes the more 
important part. This can be seen from the observation that the 
electronic bands of these phenyl 0-diketones exhibit bathochromic 
shifts far to the red of those of the aliphatic 0-diketones. Morton 
and Stubbs39 also observed similar results in o-hydroxyaryl ketones 
and suggested that the spectra are dominated by absorption maxima which 
are benzenoid in origin.
Since dibenzoylmethane (pK = 13.75) is a weaker acid than acetyl­
acetone (pK = 8 .9 5 )40, one would expect that the energy of dissociation
39* Morton, R. A., and Stubbs, A. L., J. Chem. Soc., 1357 (19^)»
1*0. Special Publication No. 17, ''Stability Constants", 2nd ed.,
Chemical Society, London, l^^T .
of the 0-H bond in the latter compound would be smaller than that of 
the former compound. This implies that the potential depth for the 
proton in dibenzoylmethane is greater than that of the proton in 
acetylacetone. Therefore the barrier between the two potential minima 
corresponding to two enolic tautomers lb" and lb1 is likely to be 
higher in the case of the aromatic p-diketones than in that of the 
aliphatic p-diketones. Lintvedt, et al . , 5 observed an enolic proton 
peak which is sharp in case of dibenzoylmethane but is broad in case of 
acetylacetone. Similar broadening of enolic proton peaks were also 
observed in cases of other aliphatic p-diketones. These facts also 
indicate that the potential barriers are higher in the cases of aromatic 
p-diketones. Furthermore, the difference between depths of the potential 
minima would be expected to be greater in the case of the two tautomers 
of unsymmetric aromatic P-diketones than in that of the aliphatic 
p-diketones. Hence, the proton transfer in unsymmetric aromatic p- 
diketones would be less important. A preliminary result from the in­
vestigation of benzoylacetone in CCI4. at low temperature (-20°C)a 
indicates that there are two enolic proton peaks. The peaks appear at 
-1 6 .2 6 ppm and -1 5 .1 2 ppm with respect to that of tetramethylsilane.
The intensity of the first band is greater than that of the second peak. 
The latter peak becomes hidden beneath the noise level and becomes
5. Lintvedt, R. L., et al., op. cit.
a. A Varian HA-100 NMR Spectrometer was used for the measurements.
Further investigations are in progress.
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indiscernible at higher temperature. In the case of trifluoroacety1-
oacetone only a broad enolic proton peak was observed at -20 C.
H % ,H
/  \ X  0 0 0 0I II II I IVc ^ c c . , c
/  ^  c/  ^  /  C \CgHs j R CgHs | R
H H
(a) (b)
The peaks observed at 16.26 ppm and 15*12 ppm can be assigned to the 
enolic protons of the tautomers IVa and IVb of benzoylacetone, 
respectively. This result also indicates that the proton transfer in 
benzoylacetone is much slower than that in trifluoroacetylacetone.
It might also be possible to observe two different absorption 
bands corresponding to the two isomerfc enols of structures IVa and 
IVb. The bands belonging to the tautomer IVa due to the chromophore 
C=C-C=0 would be expected to appear at shorter wavelengths, whereas 
the bands belonging to the tautomer IVb due to the chromophore, 
C6H5-(C=0)-C=C, would be expected to appear at longer wavelengths. In 
the case of tautomer IVa, one might expect the absorption bands for 
the long conjugated chromophore 00115-0=0 -0=0 to be in the long wavelengths 
region. However, the resemblance of the absorption bands of benzylidene- 
acetone to those of acetylacetone (Fig. Al) indicates that the transi­
tions arise from the CH3-(C=0 )-C=C chromophore in both compounds. It 
implies that the conjugation between the phenyl group and the R-(C=0)-C=C 
group is relatively weak.
3T
Kuo7 observed a large temperature effect on the relative 
intensities of absorption bands of benzoylacetylacetone and trifluoro- 
benzoylacetone. At room temperature, both benzoylacetone and tri- 
fluorobenzoylacetone show only a band maximum at 3^5 mu and mu, 
respectively. At TT°K, benzoylacetone in EPA exhibits absorption bands 
at 3̂ -6 mu, 330 mu, 318 mu, 308 mu, and 298 mu in which 318 mu is the 
most intense band. Trifluorobenzoylacetone in EPA shows bands at 
358 mu, 338 mu, 328 mu, and 312 mu. The 338 mu band is the most
intense band in this case. Kuo7 attributed the red shift to the
formation of more intramolecular hydrogen bonds at low temperature. 
However, the spectral studies of vanadyl bis-(benzoylacetonates) (see 
next section) indicate that the band at ^>k6 mu and the other shorter 
wavelength bands are different in origin. Probably these bands belong 
to two tautomers. It is likely that the 318 mu and 308 mu bands belong 
to the structure IVa and the J>k6 mu band belongs to structure IVb 
because the complex chromophore, C6H5-(C=0)-C=C, absorbs at longer 
wavelengths than does the chromophore, CH3-(C=0)-C=C.
We may therefore conclude that in aromatic substituted p-diketones 
(i) the resonance effect of the phenyl group is very important; (ii)
charge transfer through the enolic proton might also play a significant
role, though it is not so great as that in the aliphatic p-diketones.
In order to understand the origin of the species responsible for 
the absorption, the emissions and the photochemistry of the p-diketones, 
the emission, absorption and excitation spectra were investigated. The 
emission and excitation spectra of the p-diketones studied are shown in 
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Fig. 8„ Total Emission, Excitation and Absorption Spectra 






















Fig. 9. Fluorescencef --,Excitation and. Absorption Spectra 
of a-Methylacetylacetone at 77° K,
ko
acetylacetone exhibit fluorescence from j5MP and EPA solutions. All 
these fluorescences have band maxima at about 355 mu. Acetylacetone, 
trifluoroacetylacetone and hexafluoroacetylacetone in 3 and EPA 
solutions give phosphorescences which have the most intense band at 
if- 50 mu. All the excitation spectra of the P-diketones studied, except 
that of trifluoroacetylacetone, are different from their respective 
absorption spectra in the same solvents. The excitation bands correspond 
to the absorption bands observed in 0.1 N NaOEt-ethanol solution. This 
suggests that in most cases the enolate ions are responsible for the 
emissions observed from the g-diketones.
In hexaf luoroacetylacetone, the fluorescence excitation band 
appears at 306 mu but the phosphorescence excitation band appears at 
316 mu. Furthermore, the relative intensities of the fluorescence and 
phosphorescence in 3MP solution invert in EPA solution (Figs. 11 and 12).
The following questions arise, (i) Why is the excitation band of 
the fluorescence different from that of the phosphorescence in hexa- 
fluoroacetylacetone? Why does the solvent affect the relative inten­
sities of the fluorescence and the phosphorescence of hexafluoroacetyl­
acetone? (ii) Why does only trifluoroacetylacetylacetone in EPA 
solution have an excitation band that is similar to the absorption band
in the same solvent?
It has been reported that the excited states of o-hydroxyaryl 
ketones are deactivated through tautomerization. 41 43 In £-hydroxyaryl
4l. Beckett, A., and G. Porter, Trans. Faraday Soc., 59* 2051 (1963).
k-2. Hammond, G. S., N. J. Turro, and P. A. Leermakers, J. Phys. Chem. ,
6 6, l l k k  (1962).
hj>. Lamola, A. A., and L. J. Sharp, J. Phys. Chem., 70, 263^ (1966).
ketones, the benzene ring and the chelate ring share two carbon atoms 
in a manner similar to that of naphthalene in which two benzene rings 
share two carbon atoms. Therefore the tautomerization is facilitated 
by resonance of the benzene ring. The same rationale seems to be 
applicable to the symmetric (3-dike tones, in which the barrier for the 
proton between two potential wells is small and the enolic proton can 
oscillate easily between the two oxygen atoms. Therefore, it is not 
surprising that no emission was observed when the solution was excited 
in the absorption band of the chelated enol of the symmetric (3-diketones. 
However, in the case of trifluoroacetylacetone the proton transfer is 
somewhat retarded by the unsymmetric potential wells which have a 
relatively high potential barrier between the potential minima 
corresponding to two isomeric enol forms. Consequently there is an 
opportunity for intersystem crossing before deactivation by tautomeriza- 
tion. The excitation band maximum of the phosphorescence from tri- 
fluoroacetylacetone in EPA solution is shifted by 1,000 cm 1 in comparison 
with the absorption band in the same solvent. This reflects that only 
those molecules which are excited to lower vibrational levels of the 
excited singlet state can have intersystem crossing to the excited 
triplet state. Since proton transfer is more probable in the excited 
state, the molecules which are in the higher vibrational levels of the 
electronically excited state are more likely to be quenched by iautomeri- 
zation through the proton transfer. Quenching is less probable in the 
lower vibrational levels. Consequently, only the molecules which are 
in lower vibrational levels of the excited singlet state have the 
opportunity to undergo intersystem crossing to the excited triplet state 
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Fig. 10. Phosphorescence and Excitation Spectra of Trifluoroacetylacetone at 77°K.
  in EPA, in Methyl-isopropyl-ethyl Alcohol Mixed Solvent to which
a small amount of NaOEt was added.'
r\5
There are two phosphorescences, which overlap in the spectra of 
trifluoroacetylacetone in EPA solution. The relative intensities of 
the phosphorescences change in mixed alcohol solvent to which a small 
amount of sodium ethoxide has been added. The phosphorescence at 
^50 mu increases in intensity whereas the intensity of the shorter 
wavelength phosphorescence decreases. This indicates that the phosphore 
cence at 4 50 mu is an enolate ion phosphorescence, and the phosphores­
cence at the shorter wavelength side belongs to the chelated enols.
Since the phosphorescences of the enolate ion and the chelated eno 
of trifluoroacetylacetone overlap at ^50 mu, the phosphorescence 
excitation spectrum which is monitored at the ^50 mu emission band shows 
two excitation bands. The intensity of the 290 mu band dominates that 
of the 313 mu band in EPA but the relative band intensities invert in 
NaOEt-mixed alcohol solution. This indicates that the excitation band 
at 29O mu is the chelated enol band and that at 313 mu is the enolate 
ion band. The assignments made here are also supported by the spectral 
studies of Eu(tfa)3 (Fig. -̂8) which will be discussed later.
It was mentioned previously that the fluorescence excitation band 
at 306 mu and the phosphorescence excitation band at 316 mu observed 
from hexafluoroacetylacetone in 3MP and EPA solutions match the ab­
sorption bands of the same compound observed from 0.1 N NaOEt-ethanol 
solution. This indicates that the bands belong to the enolate ions. 
However, the fact that the band at 306 mu can only be observed in the 
excitation spectrum of the fluorescence whereas the band at 316 mu can 
be observed only in the excitation spectrum of the phosphorescence and 
the observation that the relative intensities of the fluorescences and
the phosphorescence show a solvent effect indicate that the two excitation 
bands are different in origin (Figs. 11 and 12). If the ^06 mu and 
316 mu bands belong to two transitions of the enolate ion, it would imply 
that the fluorescence state is the second excited state. This is un­
likely to be the case for hexafluoroacetylacetone (See discussion for the 
phosphorescences below). There are two other possibilities: (i) the
bands belong to two cis-trans isomers (ii) the bands belong to two 
tautomeric forms of the enolate ions.
It is unlikely that two absorption bands are the cis and trans 
forms of the enolate ion. There are three possible reasons, (i) Since 
the enolate ions are formed by the dissociation of the chelated enol 
form, there is a tendency to maintain the ion in cis form, (ii) Possible 
hydrogen bonding between the ion and the solvent molecule also assist 
the ion to maintain its cis form. 27 (iii) Cis, trans interconversion 
requires rotation about the conjugated ctf,|3 C=C bond. This inter­
conversion is very unlikely to take place in the ground state; it may 
take place in the excited triplet state.
Therefore, it is possible that the two bands belong to two isomeric 
forms of the enolate ions. Consider the following equilibria.
0 "0 0 0 0 0
























Fig. 11. Total Emission, Excitation and Absorption Spectra of Hexafluoroacetyl- 
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Fig. 12, Total Emission, Excitation and Absorption Spectra of Hexafluoroacetyl­
acetone in EPA ,at 77° K.
In the case of hexaf luoroacetylacetone, Ri=R3=CF3 and R.2=H, structures 
IVa and IVc are identical, and there are only two possible tautomers, 
namely, the "keto-ion" (iVb) and the "enol-ion" (IVa).
Belford, £t _al. , 15 and Barnum16 calculated the transition energies 
for the enol ion IVa, and Nagakura, et a l . , 44 calculated the transition 
energies for the keto-ion IVb. The first band of the enol ion IVa is 
due to the tt- tt  transition of the conjugated carbonyl chromophore, 
whereas the first band of the keto ion IVb is a transition that involves 
a charge transfer of a non-bonding electron on the a-carbon to one of 
the two carbonyl chromophores through resonance interaction. Both 
calculated results indicated that the absorption bands of the enol ion 
and those of the keto ion would be observed in the same wavelength 
region. Since the enol ion has a chromophore, 0=C-C-C-0, whereas the 
keto ion has a chromophore, 0=C-C-C=0, one may expect that the ab­
sorption bands corresponding to the former ion will appear at a lower 
frequency than those of the latter ion. Therefore, it seems that the 
bands in the absorption and excitation spectra of hexafluoroacetylacetone, 
306 mu and 316 mu, can be assigned to the keto ion and the enol ion, 
respectively. It follows that the fluorescence belongs to the keto 
ion and the phosphorescence bands at t̂-50 mu and 480 mu belong to the 
enol ion.
15* Belford, L. , et al., oj>. cit.
16. Barnum, D. W., 0£. cit.
Ml. Hashimoto, F., J. Tanaka, and S. Nagakura, J. Mol. Spectroscopy,
1 0, iioi (1963).
The existence of two tautomeric types of hexafluoroacetylacetonate 
ions is also supported by the phosphorescence lifetime measurements.
Hexafluoroacetylacetone has two phosphorescence lifetimes, 0.35 sec and
0.48 sec (Fig. A3). The phosphorescence of the keto ion is probably 
hidden under the intense enol ion phosphorescence. This will be clearer 
if one examines the emission spectra of acetylacetone and a-methylacetyl- 
acetone.
The fluorescences and the fluorescence excitation spectra of 
acetylacetone and hexafluoroacetylacetone are almost identical.
According to Dewar45 the prototropic tautomerism equilibrium constants 
for p-diketones can be written as
the keto forms of the (3-diketone. For acetylacetone and hexaf luoro­
acetylacetone, < 1 , and for Q'-methylacetylacetone, Kt > 1, therefore,
in the latter case K > K and in the former cases K < . Since thee c e c
mole fraction of the chelated enol in 3MF solution is greater than that
K and K is greater in 3MP than in EPA. Furthermore, since theN* G
.45. Dewar, M. J. S., "Electronic Theory of Organic Chemistry,"
Clarendon Press, Oxford, 1949> P• 101.
a. The keto ion and the enol ion are considered to be indistinguish­
able in this expression (c.f. Eq. (5) on p. 61). However, it does
not affect the conclusion obtained therefrom.
1. Burdett, J. L., et al., op. cit.
[Keto]
[Enol] (1)
cLin which K and K,, are the dissociation constants for the enol ande
in EPA solution, 1 ’7 the difference between the dissociation constants
dissociation constants of both forms decrease in 3MPj the concentrations 
of both ions would be less in 5^P* This decrease in the concentration 
of the ions accounts for the fact that only a weak fluorescence was 
observed from acetylacetone and a fluorescence and a phosphorescence 
which is weaker than the fluorescence were observed from hexafluoro­
acetylacetone in 3MP solutions (Fig. 11).
In the total emission spectrum of a-methylacetylacetone (Fig. 9) 
only the keto ion fluorescence appears; however, when the sample is 
irradiated with the full intensity of the A-H6 arc, the same compound 
shows essentially enol ion phosphorescence (Fig. 13). This can be 
explained by the fact that cv-methylacetylacetone is essentially in the 
keto form and the keto ion formed from it is unstable because of the 
strong repulsion of the methyl groups on the ct- and {3-carbons toward 
the negative charge on the o'-carbon. In the ground state the keto
0 0If II
c c
/ \ - /  \h3c c ch3
I
CHS
ions are in equilibrium with the ketone molecules, but once the keto 
ion is raised to the excited triplet state, it has enough time to 
transform to the enol form. Such transformation does not occur within 
the excited singlet state manifold, presumably because the relaxation 
time of the transformation is longer than the lifetime of the excited 
singlet state, but it does occur in the triplet state because the 
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Fig. 13. Phosphorescence Spectra of Acetylacetone and
a-Methylacetylacetone at 77° K Irradiated with 
the Full Intensity of the A-H6 arc.
enol ion phosphorescence did not appear in the total emission spectrum 
was due to the fact that the intensity of the monochromatic excitation 
light is much weaker than that of the A-H6 mercury arc.
Acetylacetone shows a complex phosphorescence spectrum when it is 
irradiated with the full intensity of the A-h6 arc. There are three 
overlapping phosphorescences in the spectrum. The first one appears at 
the blue side of 450 mu; the second shows 450 mu and 480 mu bands 
(Av = 1,390 cm 1 ); the third shows probable bands at 460 mu and 495 nm 
(Av = 1,540 cm 1 ). The first phosphorescence is very weak in JMP 
solution, but it becomes intense in EPA solution (Fig. 13). The growth 
of intensity in EPA solution suggests that the phosphorescence belongs 
to the keto form of acetylacetone. The absence of this phosphorescence 
in metal acetylacetonates also supports this possibility. The lack of 
appreciable intensity change in the second and the third phosphorescences 
indicates that the two species responsible for the phosphorescences are 
probably controlled by an equilibrium that is only slightly sensitive 
to the solvent. However, the fact that the second phosphorescence is 
predominant in the metal acetylacetonates (See discussion in Section C) 
further suggests that this second emission belongs to the enol ions. 
Consequently the third emission can be assigned to the keto ions.
The presence of three phosphorescences is confirmed by the life­
time measurements. In 3MP solution acetylacetone shows two phosphores­
cence lifetimes of 0.60 sec and 0.80 sec (Fig. A2), whereas in EPA 
solution it shows lifetimes of 0.15 sec, 0.47 sec and O .6 9 sec (Fig. A3 ). 
Since the phosphorescences overlap it is hard to assign a lifetime to 
a particular phosphorescence; nevertheless, Figs. A2 and A3 indicate
52
the existence of three phosphorescences. The short lifetime 
phosphorescence which is absent in JMP solution but appears in EPA 
solution very likely can be assigned to the first phosphorescence, 
that is, to the keto form phosphorescence.
The observation of the emissions from the keto ion and the enol 
ion implies that the keto ion and the enol ion must have"independent 
lifetimes. It is very likely that the Ctf-carbon of the keto ion has 
an sp2 configuration mixed slightly with that of sp3 in the ground 
state and that the Q'-carbon of the same ion has an sp3 configuration 
mixed more or less with that of sp2 in the excited states. Thus, the 
hydrogen atom at the or-carbon would be in the same plane as the 
carbonyl group in the ground state and would allow a definite charge 
transfer interaction between the non-bonding orbital of the Q'-carbon 
and the orbitals of the carbonyls. This would explain why the 
transition band observed for the keto ion appears at a wavelength 
very close to that observed for the enol ion. If the Q'-carbon had 
sp3 configuration, the hydrogen atom at the a-carbon would not be 
in the plane of the carbonyl groups and the interaction between the 
non-bonding orbital of the Q'-carbon and the orbitals of the carbonyl 
groups would be minimal; that is, the electrons would be localized 
in their respective orbitals. Thus, the change of the configuration 
of the a-carbon from essentially sp2 in the ground state to essentially 
sp3 in the excited states would lead to a rehybridization of the keto 
ion IVb and the enol ion IVa in the excited states. As a result of 
the rehybridization, there would be two lifetimes respectively for the 
keto ion and the enol ion. A relatively large Stokes shift observed
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between the fluorescences and their excitation spectra in the case 
of the aliphatic p-diketones indicates that there probably is a 
change in the grometries of the keto ions of the p-diketones between 
the ground and excited states.
It was stated in the previous part that the absorption spectrum 
of hexafluoroacetylacetone in EPA solution varies with the concentration 
and the age of the solution. It was concluded that dissociation takes 
place upon dilution. Since the increase in the intensity of the enolate
ion band is not proportional to the decrease in intensity of the
chelated enol, one is forced to conclude that there is at least a
third species involved in the equilibrium. This species does not 
exhibit discernible absorption in the region studied.
Hexafluoroacetylacetone is known to form a dihydrate46 and 
dimethanolate. 47 Accordingly, it is possible that hexafluoroacetyl­
acetone forms the diethanolate in the ethanolic solution.
OR ORi iCF 3—C—CHg—C—CF 3 V
OH OH
Obviously, the structure V has no absorption in near UV region.
b-6. Scultz, B. G., and E. M. Larsen, J. Am. Chem. Soc., 71, 3250
(19^9).
Vf. Sato, K., Y. Kodama, and K. Arakawa, J. Chem. Soc. Japan, 87, 
(8) ,  821 (1966).
Suppose this is the case. The equilibrium in the hexafluoro- 
acetylacetone-EPA solution can be expressed as follows:
ki
whether n=l or 2 depends on the actual reaction mechanism, and all the 
are rate constants. Since ethyl alcohol is one of the components 
of the solvent and is in much higher concentration than the other 
species in the equilibria VI, we may consider its concentration in 
the solution to be unchanged during the measurements. Therefore we 
may include the [EtOH]n term in the equilibrium constants k2 and 
ks7. Thus the equilibrium constants can be expressed in the form
Hhfa hfa + H
VI
Hhfa* 2EtOH
in which k2 = k2o [EtOH] ,
k3 = kso CEt0H]
= kl7







K3 ' = ---- = Qa'
k3' [Hhfa-2EtOH]
in which Q-j/ are activity coefficient quotients for the respective 
The rate equations are
in which
dA
dt = (ki + kg) A - kx* B - k2 * C
dB = ki A + k3 C - (ki' + k3 /) B2 
dt
dC = k2 A + k3; B2 - (k2 # + ka) C 
dt
A = [Hhfa]
B = [hfa"] = [H+] 
C = [Hhfa*2EtOH].
At initial time t - 0
Consequently, from the initial slope of concentration vs. time plots, 
ki and kg can be evaluated. For the determination of the concentrations 
of each species at various times, the intensities of both the 270 mu 
and 305 mu bands were used. For an alternative determination the third 
band at 316 mu was used instead of the 303 mu band. The extinction 
coefficients obtained for the chelated enol band in 3®  atl(l the enolate 
ion band in 0.1 N NaOEt ethanol solution were used. Since the intensity 
of the chelated enol band is little affected by the change of solvent 
from 3MP to EPA, and that of the enolate ion band is also little 
affected by addition of NaOEt, the error induced should be small.
Table III shows the equilibrium and kinetic results that were 
evaluated from measurements on hexafluoroacetylacetone in EPA solution 
and were based on the equilibrium VI. The table shows that K3.7 
increases by a factor of 3 and that Kg7 decreases by a factor of 2 
when the initial concentration of hexafluoroacetylacetone varies 
from 4.82x10 3 M to 4.82x10 5 M.
Three possible factors were neglected in this calculation.
(i) Unit activity coefficients were assumed, (ii) The keto-enol 
equilibrium was not considered. (iii) The equilibrium between the 
enol ion and the keto ion was also neglected. The concentration 
dependence of K-j_7 cannot be explained by taking into account the 
factors (i) and (ii). In dilute solution factor (i) is not important.
If we consider the factors (ii) and (iii), the equilibria can be 
expressed in the manner shown in the series of equation labeled VII 
on page 58 • The equilibrium constants then become
Table III
The Results of the Kinetic and Equilibrium£Studies of Hexafluoroacetylacetone in EPA
Initial conc. 1k 82x10"3 2 .25xl0 -3 4.82xlO-4 2 .25xl0 -4 4.82x10"5
Ki' 2 .k xlO"5 5.9 xlO”5 5 .5 xio”5 6.1 xlO"5 7.2 xlO"5
Ka' 1.52xl0 2 1.25xl02 1.21xl02 1.19x102 0 . 76x 102
k3' 1.8 xlO-7 5 . 2  xlO"7 4.7 xlO"7 5.1 xlO”7 9.5 xlO-7
ki 5.7 xlO” 5 5.7 xlO”5 5.7 xlO-5 5.7 xlO"5 5.7 xlO"5
k2 5.7 xlO- 4 5 . 6  xlO~4 5-5 xlO-4 5.1 xlO-4 2.5 xlO"4
ki^ki/Ki7 2-5 1.5 0.97 0.95 0.79
k z= k z lY & * 2 .9 xlO~s 2.9 xlO-6 2.8 xlO"6 2 .6: xlO‘s 5-5 xlO-6
k3 ,=ki7k2 9.9 xlO' 4 5 A  xlO"4 5.2 xlO”4 2.9 xlO"4 2.0 xlO"4
k3=kik2 ' 1.7 xlO"10 1.7 xlO-10 1.6 xlO-10 1.5 xlO-10 1.9 xlO"10
a. All the data were measured at room temperature which was maintained at 2kd£>.5 C. 
Units: concentration in mole-1 1; ki, k2, k2 * and k3 in sec ki/ and k3 *
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The apparent equilibrium constant for the keto-enol tautomeriza- 
tion, Kt, increases with decreasing concentration and is expected to be
6o
less than 1 in the case of hexafluoroacetylacetone. 4 Since the keto 
form is more acidic (See page 48) than the enol form, K5 S Ki. Equations 
(ll-) can be used to explain the concentration dependence of K^7.
Unfortunately, quantitative analysis of the equilibria was not 
attempted because extinction coefficients for the absorption of each 
species involved in the equilibria, although sought, were not measurable. 
However, for qualitative estimation of the equilibrium constants, one 
may neglect the difference between the extinction coefficients of the 
keto ion and the enol ion. Assume the Kfc — 0 at the higher concentra­
tion. By using from Table III and the relations given in Eqs. (4), 
one can estimate the equilibrium constants of Eqs. (3)- For example,
at an initial concentration of 4.8x10 5 M, one estimates by the above
*
procedure that
Ki = 2.4 x 10"5; K2 = 1.3.x 102
K3 = 1.8 x 10"7; K4 = 4
K5 = 1.4 x 10_4j Kt = 0 . 7
One can conclude that at this concentration about dOfo of the hexa- 
fluoroacetylacetonate ions is the keto ion and the remainder is the 
enol ion. The absorption spectra in EPA solution and 0.1 M NaOEt-ethanol 
solution also show that the band intensity corresponding to the keto ion 
is more intense than that corresponding to the enol ion (Fig. 5)»
4. Rogers, M. T., at a l ., 0£. cit.
It is worth noting that solvent effects on keto-enol tautoraerism 
have been attributed to the differences in the dielectric constants of 
the solvents and the resulting differences in the solvation energies 
of the keto form and the enol form of the p-diketones. 2 ’ 45 However, 
the concentration dependence of the keto-enol equilibrium constants has 
not been adequately explained. In the case of hexafluoroacetylacetone, 
the concentration dependence of can be explained in terms of the 
keto ion and enol ion equilibrium. From the expression for the 
equilibrium constants (3 ) it follows that
Ki
Kt = ------ K4* (5)
K5
Since the acid dissociation constants Ki and Kg are not concentration 
dependent, the concentration dependence of K can be attributed to K4.
B. Vanadyl B-Diketoenolates
The absorption spectral data of the vanadyl B~diketoenolates in 
3MP and EPA solutions were obtained at room temperature and 7T°K and 
are listed in Table IV. In most cases, the absorption spectra of the 
vanadyl chelates are very similar to those of the corresponding parent 
ligands; only V0(aca)2 and V0 (hfa)2 in 3MF solution show relatively 
large differences. As shown in Fig. l4, there appears in the absorp­
tion spectrum of V0 (aca)2 in JMP solution a sharp band at 298 mu and
2. Reeves, L. W., ££. cit. 
Dewar, M. J. S., _o£. cit.
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Table IV
Absorption Spectral Data of Vanadyl g-Diketoenolates
Room Temp 77°K





(2 5 7) 1 2 .2 258
265
271 1 6 .1 274
(2 8 2) 1 2 .2 2 8 2 .5
VO(tfa)2 3MP 280 8.7 284
288.5
(505)










(2 8 7) 6 .8 290
3 0 2 .5 8 . 6  304
312 8 . 3  316
(3 2 8)
(34d ) 3.9 343
VO(bza) 2 3MP (215)
223.5 (223.5)








Table XV (cont'd)a ’̂
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Room Temp. 77°K












3MP 223*7 15.4 228
230.4 1 5 .2 233
248.5
256.5 22.4 255
2 8 6 .5 2 1 .5 (287.5)














370 1 7 .6 378
VO(bza)2
VO(dbm)j
a. Extinction coefficients are expressed in liter/mole-cm.
b. The figures in the parentheses are those of shoulders.
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a shoulder at about J l 6  mu. Another band at 200 mu also appears in 
this spectrum. In V0(hfa)2 in 3MP and EPA solution a new band appears 
at 3^0 niu (Fig. IT)* These same bands were also observed in the 
fluorescence excitation spectra of the respective chelates. With the 
aid of the results obtained in the luminescence studies of the vanadyl 
chelates, which will be discussed later, the J l6 mu band of VO(aca) 
observed from 3MF solution can be assigned to the enol ion tt-tt 
transition, and the 3^0 mu band of V0(hfa)2 observed from 3MF solution 
can be assigned to the intraligand tt- tt*  transition of the chelated 
complex. The bands that appear at about 200 mu in both V0(aca) 2 and 
V0(hfa)2 can be assigned to a second intraligand tt— rr* transition.
Since the metal 3dx^ orbital energy lies between the it-  and 
tt- orbital energies of the ligand3 2 ’ 48 in these vanadyl chelates,
yit is generally expected that the energy of the tt-tt transitions of 
the chelates will appear at higher energies than will those of the 
respective enolate ions. 29 However, the fact that V0(aca)2 , V0(tfa)2, 
and V0(hfa)2 exhibit bathochromic shifts of the tt- tt*  transition bands 
upon chelation suggests that there possibly exists an exciton 
interaction49 between the two ligands on the chelates. The crystal 
structure of V0(aca)2 reported by Dodge, et al. , 50 showed that the
29* Barnum, D. W., ££. cit.
32. Vanquickenborne, L. G., and S. P. McGlynn, op. cit.
48. Selbin, J., L. H. Holmes, Jr., and S. P. McGlynn, J. Inorg.
Nucl. Chem., 2£, 1359 (1963).
49. Davydov, A. P., "Theory of Molecular Excitons, '1 McGraw-Hill Book 
Co., New York, 1962.
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Fig. 14. Absorption Spectra of V0(aca)2 at Room 
Temperature. 
as in EPA, bs in 3MP.
angle between the V=0 bond and V-0 bond is about 107° and that the 
two ligand planes resemble a bent biphenyl shape. A similar structure 
is expected for V0(tfa)2 and V0(hfa)2. Therefore, it is very likely 
that these chelates have a biphenyl like exciton interaction between 
the two ligands, and presumably the bonding between the vanadyl ion 
and the ligands is important in the case of these chelates. The 
importance of the bonding between the vanadyl and the ligands is 
verified by the presence of metal ligand charge transfer bands in 
these che late s. 30 s 32 ’40 ’ 51 If the bathochromic shift of the tt- tt*  
transition band occurs upon chelation is due to the exciton interaction, 
the polarization of the absorption and the excitation bands correspond­
ing to the intraligand tt- tt*  transition would be parallel to the 
direction of V=0 bond because the vector sum of the ligand tt-tt 
transition dipoles would probably be in this direction. Since no 
polarization study was attempted in the present investigation, this 
will be left for later examination.
Most recently, Vanquickenborne and McGlynn32 did SCF calculations 
for the vanadyl pentahydrate ion and predicted that the absorption 
bands at 31>000 cm 1 (323 tnu) and at 35>000 cm 1 (2 8 6 mu), correspond 
to a charge transfer from ligand to vanadyl ion. Considering the 
probable shift due to the introduction of two acetylacetonate ions in
30. Ballhausen, C. J., o£. cit.
if8 . Selbin, J., et al., o j j . cit.
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Fig. 15. Absorption Spectra of V0(aca)2 77° K.
as in EPAf bt in 3MP; aged solution irradiated 
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Fig, 16, Absorption Spectra of V0(-tfa)2 at Room 
Temperature,









Fig. I?. Absorption Spectra of V0(hfa)2 at Room 
Temperature. 
at in EPA. b: In 3MP.
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place of four water molecules, one may tentatively assign the band 
at 298 mu observed from VO(aca) in 3 MP solution to be a charge transfer 
transition. Further details of this assignment will be discussed later 
when the luminescence spectrum of this compound is reported.
The absorption spectrum of. V0 (hfa)2 in EPA solution shows bands 
identical to those of hexafluoroacetylacetone in the same solvent.
The luminescence study of this chelate confirms that those bands are 
due to enolate ion tt-tt transitions.
The main absorption bands, observed at about 270 mu for both 
V0 (aca)2 and V0(hfa)2 and at 280 mu for V0(tfa)2, can be assigned to 
intramolecular charge transfer tt- tt*  transitions of these chelates.
In general, metal-ligand bondings are neither pure covalent nor pure 
ionic. In the case of the vanadyl (3-diketoenolates, there is 
significant overlapping of the metal orbital and the ligand orbital. 
Consequently, upon chelation the negative charge originally localized
in a ligand orbital will flow into a vanadyl orbital to neutralize the 
positive charge on the vanadyl ion. Once an electron on the ligand 
TT-orbital is raised to a tt -orbital, a certain amount of negative 
charge will possibly flow from the vanadyl orbital back to the ligand 
orbital and thus weaken the metal ligand bonding. This may lead to a 
charge separation. The chelate in the ground and excited states then 
may be respectively represented by the following sequence.
This charge transfer in the excited state will move the potential 
minimum of the excited state to higher energy. Therefore, this 
charge transfer tt- tt*  transition will appear to the blue of the pure 
TT-TT transition of the ligand ion (See also Section E). Fig. l8 
shows the difference between these two transitions. Theoretical
Vinterpretation of similar charge transfer tt- tt transitions for t h e  
metal acetylacetonates will be given in Section E.
Usually a charge transfer type transition shows a bathochromic 
solvent shift in polar solvents. No appreciable bathochromic shift 
was observed in the case of these vanadyl chelates probably because 
the amount of charge transfer is small since the transition is 
essentially a tt-tt*  type. Furthermore, since the electrons resonate 
in the conjugated chelate ring, this will cause recombination of the 
vanadyl ion and the ligand ion and will shorten the lifetime of the 




% L  ---Fig. 18. Schematic Potential Diagrams for an 
Intraligand t t - tt*  Transition and for 
the same Transition when Charge 
Transfer is Involved.
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no emission was observed from VO(aca)2 and VO(hfa)2 when the samples 
were excited at 270 mu, the position of the charge transfer tt- tt 
transition band.
In the case of V0(tfa)2 , a similar charge transfer state would 
be important in the excited state due to the different polarities 
of the carbonyl groups caused by the presence of an electron- 
withdrawing trifluoromethyl group on one side of the chelate ring 
and an electron-donating methyl group on the other side of the chelate 
ring. Therefore, the emission can be observed from V0(tfa)2 when a 
solution containing the chelate is excited in the absorption band 
at 280 mu.
In the vanadyl chelates of the aromatic p-diketones, the exciton 
resonance between the two ligands and the charge transfer character 
in the excited state are further reduced because the excitation of 
the ligand is mainly localized in the phenyl group to which a 
conjugated carbonyl is connected. As discussed in the previous 
section, such a conjugated system of a phenyl group and a conjugated 
carbonyl is little affected by the introduction of a charged species 
at the position of the enol proton. Therefore, the absorption bands 
observed for V0(bza)2 and for V0(dbm)2 are much like those of the 
parent ligands. Because of this similarity, it is difficult to make 
proper assignments of the observed absorption bands without considering 
the excitation Spectra of the chelates. With the aid of luminescence 
and excitation spectral studies of V0(bza)2 and V0(dbm)2, the following 
band assignments can be made. The 3^8 mu band of V0(bza)2 is a 
tt- tt*  transition of the chromophore C^H5-(C=0)-C=C. The bands at
333 mu, 318 mu, and 310 mu originate from the chelated complex of 
V0(bza)2 and arise from the tt- tt transition localized on the 
chrompphore, CH3-(C=0)-C=C. The band observed for V0(dbm)2 at 378 mu 
is a tt- tt transition of the chelate complex which is localized on the 
chromophore, CeH5-C=C-C=0, (Figs. 19 and 20).
It is interesting to note that the absorption spectra of 
V0(aca)2 and V0(hfa)2 in an undegassed 3MP solution change with time; 
however, no such change was pbserved in the case of solutions that 
were degassed, sealed and allowed to stand for two years. In 
undegassed solutions, the chelate absorption bands disappear but the 
intensity of the ligand band increases on standing. Fig. 15 shows 
the spectrum of V0(aca)2 in an undegassed 3MP solution which is 
allowed to stand overnight. The same aging phenomenon was also 
reported51 to occur in some other solvents either as the result of 
reaction upon standing or by reaction with an oxidizing agent. It 
was also suggested51 that the spectral change is due to the oxidation 
of the oxovanadium(lV) to dioxovanadium(v). The solubilities of 
V0(aca)2 and V0(hfa)2 in 3MP solvent are too small to permit the 
determination of the extinction coefficients of the absorption bands 
of these compounds. However, the fact that the absorption spectra 
were observable in the fresh solutions only if one used cells with 
path.lengths longer than 5 cm and the 0-1.0 absorption slide-wire 
while the spectra of the same solution after aging could be monitored














Pig. 19. Absorption Spectra of V0(bza)2 and Hbza at 
Room Temperature, 
a: 5.27xl0“| M VO(bza)2 in EPA.
b: ~ 3 xl0“5 M V0(bza)2 in 3MF.
cs 1.6^x10"^ M Hbza in 0.1 N NaOEt-EtOH.
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Fig. 20. Absorption Spectra of V0(dbm)2 at Room 
Temperature and 77° K.
a: at Room tempo ci at Room temp.)
b* at 77° K. Jin EPA. ds at 77° K -An 3MP.
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when one used 1 cm cells and the 0-2.4 absorption side-wire shows
that the ligand absorption band intensity increases at least by a
factor of 10. Since the extinction coefficients of the vanadyl
chelates are small, the increase in the extinction coefficient of
the chelates due to oxidation of oxovanadium(XV) to dioxovanadium(V)
is unlikely to be the only factor accounting for the large intensity
increase. The following reaction probably takes place in the solution.
0 0 °II y yll
4V0(aca)2 + 02 + 2H2O ----> 2 aca = V = aca + 4Haca.
o '
U)
Compound I has been prepared by the oxidation of vanadyl acetyl- 
acetonate.52 Free ligand appearing in the old solutions may account 
for the large increase in intensity of the ligand absorption bands; 
acetylacetone has an extinction coefficient of 104 in the same solvent. 
A similar reaction may be expected in the case of V0(hfa)2 since the 
ligand band intensity also increases in an undegassed 'JMP solution.
In all the other f3-diketoenolates, the changes in the absorption bands 
were hardly discernible due to the similarity in the absorption 
spectra of the chelates and those of the ligands, but from the fact 
that their color changes upon standing, one may conclude that a 
similar type of reaction is taking place on standing. Furthermore,
upon irradiation of V0(aca)2 with a General Electric A-H6 mercury arc 
the ligand absorption band shifts to 250 mu which is the expected 
positjion for the keto or the unchelated enol forms of acetylacetone 
(Fig. 15)* According to the photochemistry studies made by
52. Doadrio, A., and A. G. Carro, Anal. Soc. Espan Fis. Quim. , 
B60 (6), 495 (1964).
Norman and Porter, 53 Brierre, 21 and Kuo7 the hydrogen bonded 
conjugated chelate can be either unhinged or tautomerized by strong 
irradiation. Therefore the band shifts upon irradiation may be 
considered to be further evidence that there is a significant amount 
of the free ligand in the aged solution. Since it is very unlikely 
that the ligand which is chelated to the metal ion would rearrange 
to the keto form, such a blue shift can be considered to be an 
indication of the existence of the free ligand in the old solution.
The emission and the excitation spectral data of vanadyl 
P-diketoenolates are given in Table V. No emission was observed from 
VO(aca)g in 3MP solution when it was excited with a Cary 15 Xenon
light. This was probably due to the low solubility of this compound
in 5MP* However in EPA solution at 77°K, it shows a fluorescence 
and a phosphorescence (Fig. 22). The fluorescence has a 0-0 band at 
339 mu and has vibrational intervals of 1 ,2 5 0 cm 1 and 1 ,3 7 0 cm 1.
The phosphorescence has a 0-0 band at 400 mu and has vibrational 
intervals of 730 cm 1 and 630 cm 1. The excitation spectrum of these
emissions shows a 0 -0 band at 334 niu and vibrational frequencies of
1,350 cm 1 and 1,320 cm 1 . By comparing these spectra with the 
emission and the excitation spectra of acetylacetone shown in the 
previous section and by observing the infrared spectral data, one
7- Kuo, J., o£. cit.
21. Brierre, R. T., Jr., 0£. cit.
53- Norman, J., and G. Porter, Proc. Royal Soc. , A230, 399 (1955)»
54. Lawson, K. K., Spectrochimica Acta, 17, 248 (1961).
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Table V
Emission and Excitation Spectral 
Data of Vanadyl g-Diketoenolates
A. Room Temperature
Complex Emission Excitation
W ( mu) Av(cm 1) \nax^mu^ Av(cm
EPA 3^3.5 333
357 1 ,100 317 1 ,5 2 0






3^7.5 1,070 319 1 ,0 9 0
(363) 1 ,2 3 0
(3 8 0) 1,2^0 292
EPA 369 337
381 .850 330 630
399 1 ,1 9 0 322
310
760








Complex Solvent Emission Excitation
Xmax(mu) Av(cm 1) 4max(rau) Av(cm a
F 339 334
354 1 ,2 5 0 320 .5 1,350







3b3 1 ,5 0 0 315 980





480 1,390 303 1,150
Fx 340 338.5
357 l,ij00 3 2 6 .5 1 ,090







1̂ 0 1 ,390 (305) l,3bo
Fi 336 33^.5
353 1 ,430 329 500
370 1 ,300 3 2 0 .5 800
31^.5 600













3i„ _ „ , Emission ExcitationComplex Solvent
*max(mu) Av(cm_1) Xmax(mu) Av(


















1 ,3 0 0 357 980






1 ,3 8 0 255
1 ,6 7 0
1 ,2 0 0
378










1 ,2 6 0 362 i,i4o
1 ,3 0 0 345 1,390
290
1 ,6 1 0 280 1 ,2 3 0
l,44o 256
a. F. and P-s represents fluorescence and phosphorescence of 
species i, respectively.
b. The figure in the parentheses is that of a shoulder.
can assign the emissions to the chelated VO(aca)2 complex. Although 
both acetylacetone and VO(aca)2 exhibit fluorescence and excitation 
bands in the same region, VO(aca)2 shows more structural bands. In 
the excitation spectrum of VO(aca) there are some bands in the higher 
energy region which have no counterparts in the fluorescence spectrum. 
Apparently these are absorption bands which arise from excitation to 
some higher excited states of the chelated comp lex; no such bands, 
are observed in the parent ligand in the same solvent. Vanquickenborne 
and McGlynn32 calculated the electronic energy levels of the vanadyl 
pentahydrate ion and predicted that there should be some charge 
transfer bands in the near UV region. Considering the probable shift 
due to the replacement of water molecules by acetylacetonate ions and 
the possibility of retaining the same ordering, the bands observed in 
the excitation spectrum of VO(aca)2 can be assigned. These assignments 
are shown in Table VI. The calculated band energies are listed 
together with the excitation bands of the other vanadyl j3-diket.oenolate 
The phosphorescence spectra of VO(aca)2 in JMP and EPA solutions 
excited by an A-H.6 mercury lamp radiation are shown in Fig. 2 3. It 
can be seen, by comparison of the spectra from with those from 
EPA solutions, that there are three phosphorescences. The first 
phosphorescence has a 0-0 band at ^00 mu and is the chelated complex 
phosphorescence mentioned above. The second phosphorescence shows a 
0-0 band at -̂50 mu with another band at 480 mu. This is the phosphores 
cence of the enol ion of the dissociated ligand ion. The assignment 
of the second and the third phosphorescences are based on the following 











500 AOO 300 250 • mu
AbsML Flu Ex, ,ML Flu
I III 1 1 1 L XX I XX X X X X »X20
Wave number , kK
Fig, 21, Fluorescence, Excitation and Absorption Spectra of VO(aca)2 
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Fig. 22. Total Emission, Excitation and Absorption Spectra of V)(aca)2 














VO(aca)2 in EPA VO(aca)2 in 3MP
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Fig. 23. Phosphorescence Spectra of V0(aca)2 and V0 (tfa)2 
Irradiated with the A-H6 arc at 77° K,
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total emission spectrum of the complex. The A-H6 mercury arc 
source has high intensity and high radiation probably leads to the 
dissociation of the complex. As was discussed in the previous section, 
the ligand ion of the symmetric (3-diketones has two possible forms; 
the keto ion and the enol ion. The second phosphorescence has bands 
at i+50 mu and 480 mu while the third phosphorescence has bands at 
k-60 mu and ^95 mu. The phosphorescence bands observed from the chelate 
match those observed from the parent ligand; this coincidence indicates 
that the phosphorescences are due to the keto ion and the enol ion 
(Fig. 13 and 2 3). Furthermore, the fact that the bands were also 
observed from Na(aca), Be(aca)2 and Th(aca)4 indicates that the 
phosphorescences do not belong to the vanadyl ions.
In EPA solution, V0 (tfa)2 shows a weak fluorescence and two 
phosphorescences at TT°K (Fig. 25). The fluorescence shows a 0-0 
band at 328 mu and has vibrational intervals of 1 ,500 cm 1 and 
1,130 cm The phosphorescence at longer wavelength has a 0-0 band 
at 450 mu with a vibration frequency of 1,390 cm 1 (Fig. 26). The 
excitation spectrum of this phosphorescence shows bands at J lk  mu and 
303 mu. On the other hand, the shorter wavelength phosphorescence 
shows no structure. It has excitation bands at 290 mu and 282 mu.
The first phosphorescence can be assigned to the enolate ion which 
comes from the dissociation of the chelate complex. An identical 
phosphorescence was also observed in the case of the rare-earth metal 
trifluoroacetylacetonates; this further supports the present assignment 
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Fig.24, Fluorescence, Excitation and Absorption Spectra of V0(tfa)£ 





















Fig. 25. Total Emission, Excitation and Absorption Spectra of V0(tfa)2 



















Fig. 26, Phosphorescence and Excitation Spectra of V0(tfa)2 in EPA at 77° K. 
The concentration is lower than that of Fig, 25.
00vo
The second phosphorescence can be assigned to the free ligand 
enol in solution. This phosphorescence was not observed in the 
total emission spectrum of VO(tfa) 2 in 3MF (Fig. 24); however, it 
was observed from the same solution when the sample was irradiated 
with the full intensity of the A-H6 arc (Fig. 23). In the latter 
case the structure of the first phosphorescence is completely covered 
by the increased intensity of the second phosphorescence. This can 
be attributed to the increased concentration of the free ligand enol 
from the dissociation of the complex caused by the strong radiation 
from the A-H6 mercury arc.
VO(hfa)2 in 3MP shows a fluorescence 0-0 band at 340 mu and two 
phosphorescences at 408 mu and 450 mu (Fig. 27). The fluorescence 
has vibrational intervals of 1,400 cm 1 and 1,210 cm 1. By comparison 
with the emission and the excitation spectra of V0(aca)2 the 
fluorescence and the first phosphorescence are assigned to the chelated 
complex. The fluorescence excitation bands in the high energy region 
can be assigned by means of the same considerations as those for 
V0(aca)2 to the charge transfer bands shown in Table VI. The second 
phosphorescence probably consists of the intense enol ion phosphores­
cence and the weak keto ion phosphorescence. The band at 460 mu 
probably is a keto ion phosphorescence band similar to that discussed 
in the phosphorescences of V0(aca)2 . The phosphorescence lifetime 
measurements also indicate the existence of three phosphorescences.
The chelate phosphorescence has a lifetime of 4.8 sec and the enolate 
ions show lifetimes of 0.53 sec and 0.95 sec (Fig. A4). Since the 
keto ion and enol ion phosphorescences overlap, the ion emission
Table VI
Metal-Ligand Charge Transfer Bands of Vanadyl Complexes
Calculated3, V0(aca)2 V0(hfa)2 V0(bza)2 V0(dbm)£ Assignment'
29 ,500 cm' 1 33,900 cm"1 33,900 cm 1 33 ,300 cm' 1 33,300 cm' 1 br -* bi*
3^,900 35,300 35,700 (3 5,0 0 0)C 35,900 ai -» bi*
40,300 38,500 3 9,ioo 40,000 (39,4d o)c bi -» ax*
45,100 41,200 4i,ooo 41,700 41,800 b2 -* ax*
46,200 43 ,100 43 ,0 0 0 42,500 *ai -* ai
a. L. G. Vanquickenborne and S. P. McGlynn, Theoret■ Chim. Acta, 390 (1968). 
For C4V symmetry with the V=0 and V-0 bond angle a-100°.
b. Excitation spectral data at 77°K.
c. Shoulder.
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lifetimes were not assigned to the particular phosphorescence. The 
lifetime measurements also indicate that all the phosphorescences are 
of the tt-TT type.
The fluorescence of V0(hfa)2 which was observed from JMP solution
could not be observed from EPA solutions; it might be hidden under
the new fluorescence. By comparing the emissions and the excitation 
spectra of V0(hfa)2 in EPA solution with those of hexafluoroacetylacetone 
in the same solvent, the emissions observed from V0(hfa)2 EPA solution 
can be assigned to the enolate ions. As discussed in the previous 
section, the fluorescence belongs to the keto ions and the phosphores­
cence to the enol ions.
The absorption band of V0(hfa)2 at 3^0 mu in EPA (Fig. 2 9) at
T7°K shows that there are some undissociated V0(hfa)2 molecules in
the solution, even though most of the complex is dissociated and shows 
absorption bands at 316 mu and ~50h mu. It is very likely that the
undissociated molecules dissociate into enolate ions when they are
excited to the excited states. This is supported by the fact that 
the excitation bands at 292 mu, 256 mu, 2 ^  mu, and 23 -̂ mu assigned 
to the complex appear in the excitation spectra of the fluorescence 
and phosphorescence which are assigned to the ligand ions. These 
bands were not observed in the excitation spectrum of the ligand ion 
phosphorescence of V0(hfa)2 in mixed alcohol solution; presumably 
in this solution the complex is completely dissociated.
A peculiar band appears at 39̂ - mu in the excitation spectrum of
the ligand ion phosphorescence from V0(hfa)2 in EPA solution. This 


















Fig. 27. Total Emission, Excitation and Absorption Spectra of V0(hfa)2 in 3MP at 770 k,
  Total emission spectrum (excited at 295 mu) and the Excitation
spectrum (monitored at 358 mu).
Total emission spectrum (excited at 315 mu) and the Excitation 
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Fig. 28. Fluorescence, Excitation and Absorption Spectra of VO(hfa)2 



















Fig. 29. Total Emission, Excitation and Absorption Spectra of VO(hfa)2 
in EPA at 77° K.


















20 25 30 35Wave number, kK 
Fig, 30. Phosphorescence and Excitation Spectra of VO(hfa) at ?7° K.
(a) in Methyl-isopropyl-ethyl alcohol mixed solvent.
(b) in 3 MP.
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close to the lowest excited triplet state of the chelated VO(hfa)2  
complex, which is 2b , 500 cm 1 above the ground state of the complex 
(Fig. 2b) . Although the chelated complex phosphorescence was not 
intense enough to detect the same excitation band, the band was 
interpreted to be a singlet-triplet transition of the chelated com­
plex. The reason is that the chelated complex in the triplet excited 
state in EPA solution dissociates easily to give the ligand ion which 
by means of its intense phosphorescence causes the excitation band 
to be detectable.
At 77°K, V0(bza)2 in IFMP solution gives a fluorescence which 
has a sharp 0 -0 band at 53^ mu and vibrational intervals of 1 ,^ 30 cm 1 
and 1,300 cm 1. There are also two phosphorescences one at K̂)0 mu 
and the other at 520 mu. The excitation spectrum of this fluorescence 
has a 0 -0 band at 33^-5 mu and vibrational intervals of 500 cm 1,
800 cm 1 and 600 cm 1, as shown in Fig. J l .  The solvent used in this 
solution was dried with Safe sodium. However, when the same compound 
was dissolved in JMP solvent which was not dried with the Safe 
sodium, a different fluorescence with a band maximum at about 4 50 mu 
was observed (Fig. 32).
There are two possible cis-trans isomers of V0(bza)2, but it 
has been shown55 that only the cis-isomer is obtained when the complex 
is prepared in the usual way. Therefore, it is assumed that the
55- Hon, P. K., R. L. Belford, and L. E. Peluger, J. Chem. Phys.,
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Fig. 32. Fluorescence, Excitation and Absorption Spectra of V0(bza)2 
in Wet 3MP at 77° K,
VOVO
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compound studied here is cis-VO(bza)p. There are three possible 
tautomers of cis-VO(bza)p.
CH3 CH3 CH3 CH3\ / s. /c =  0 0 =  c c =  0 _ 0 —  c
/  \  II ^  \ / \  II /  ^H - G  V C - H  H - C  V C - H
^  / \  // ^  /  \  /c —  0 0 —  c c —  0 0 —  c
/  \  \CeHs CqHs GgHg C3H5
Vila Vllb
ch3 / ch3
v c —  0 _ 0--- C
// \ ° /  w
H— C V C - H
\ / \ /C =  0 0 zz C/ \CsH5 Ce^ 5
VTIc
From the inductive effect of the methyl groups and the conjugation 
of the phenyl groups with the conjugated carbonyl group on the 
chelate ring, one may deduce the relative stabilities of the three 
tautomeric structures in order of increasing stability as
Vila > VI lb > VIIc.
This assignment is made with the assumption that there are no 
external effects. The crystal structure data55 for V0(bza)s show 
that the V-0 bonds are shorter on the side of the chelate ring to 
which the phenyl groups are attached. Such a structure would also
101
suggest relative stabilities of the tautomers in the same order as 
that predicted above.
There are three possible structures Villa, Vlllb, and VIIIc 
of benzoylacetonate ions.
H
0 "0 0 1 0  0"  0
II I ^  / c \  ^  I II v i l lC C  C - C C C
/  ^  c ̂  \  /  \ /  ' c '  \c6h5 | gh3 c6h5 ch3 c6h5 j ch3
H H
(a) (b) (c)
The structure VTIIb is a keto ion and the structures Villa and VIIIc 
are enolate ions.
A large energy difference between the fluorescences observed 
from V0(bza)2 in dry 3MP and wet 3MP solutions can be attributed to 
two different species. As discussed previously V0(aca)2 exhibits 
fluorescence at 3^> mu which is due to the chromophore, CH3-(C=Q)-C=C.
It was also observed that the fluorescence from V0(dbm)2 has bands 
at 385-̂ -50 mu which are due to the chromophore, 0-(C=O)-C=C-0 (See 
the next part). Since the fluorescence observed from V0 (bza)2 in 
dry IPMP solution is almost identical with that of V0(aca) 2 from 
EPA solution (Pigs. 21 and 31) > one may conclude that the fluores­
cence is due to the chromophore, CH3-(C=0)-C=C, in the chelated com­
plex Vila. If there were any significant contribution from the tautomer 
Vllb, one would observe two fluorescences at the same time. Since only 
one fluorescence was observed fyom dry 3MP solution, it may be concluded
102
that the contributions from the tautomer Vllb to the fluorescence is 
very small.
On the other hand, the fact that the fluorescence from VO(bza) 
in wet 5®? solution appears at 400-Ml-0 mu region suggests that the 
fluorescence from wet jjMP solution is due to the chromophore, 
C6H 5-(C=0 )-C=C, in the V0(bza)2 ion pair in which the ligand ion is 
in the form of the enol ion Villa. Since no fluorescence similar to 
that observed from V0(bza)2 in dry IPMP solution was observed from 
the same compound in wet JMP solution, if one assigns the fluorescence 
to the free ligand ion Villa, it would imply that the complex is com­
pletely dissociated in wet JMP solution. This is very unlikely to 
be the case, therefore one may conclude that the fluorescence does 
not belong to the free ligand ion. The contributions from the ion- 
pairs in which the ligand ion has the form VUIb or the form VIIIc 
to the fluorescence are probably very small because firstly it is 
very unlikely that the ion-pair has the ligand ion in the form
cLVUIb and secondly, because no fluorescence corresponding to the 
chromophore CH3-(C=0 )-C=C was observed from the wet 3MP solution.
The formation of the ion-pair is probably due to the presence of 
polar water molecules which stabilize the ion-pair in the solution.
a. No carbon-bonded metal (3-diketoenolate, except platinum complexes, 
has been reported. See the papers by
(a) Wentworth, R. A. D., and C. H. Brubaker, Jr., Inorg. Chem.,
b ,  l b 7 2 (1965).
(b) Behnke, G. T., and K. Nakamoto, Inorg■ Chem. , 6, 44o 
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Fig. 33. Fluorescence, Excitation and Absorption Spectra of V0(bza)2 




The ion-pair probably exists as a solvated ion-pair in the solution.
The large Stokes shift also suggests this possibility because the 
vanadyl p-diketoenolates in undissociated form show a sharp Or-O band 
in both fluorescence and excitation spectra and show little Stokes 
shifts. Furthermore, since this fluorescence was not observed in the 
case of the parent ligand, 7 benzoylacetone, the possibility of its 
being a free ligand emission is also ruled out. The possibility that 
the polar solvent molecule coordinates to the sixth coordination 
position of the oxovanadium(lV) cannot be completely ruled out. Such 
coordination might weaken the bonding of the V=0 to the ligand but 
it is unlikely to have a strong effect on the intraligand bonding.
A similar fluorescence was also observed from V0(bza)2 in EPA 
solution (Fig. 33) j and also can be assigned to the ion-pair. The 
fluorescence excitation spectrum of VO(bza)£ in dry IPMP solution 
shows ligand-metal charge transfer bands at 300 mu, 286 mu, 250 mu,
2^0 mu, and 232 mu (Fig. 31 and Table VI). The same bands were also 
observed in the fluorescence spectra of V0 (bza)2 in wet 3MP and EPA 
solutions; they were weak but discernible. These facts suggest that 
the metal-ligand bonding is significant in IPMP solution but probably 
weak in wet 3MP and EPA solutions. These facts also support the 
previous interpretations.
In a manner similar to that of V0(bza)g, the dried and the wet 
solutions also give different fluorescences from V0(dbm)g in 3MP.
. The spectra are shown in Fig. 3^ and 35* In the case of V0(dbm)g the 
difference between two fluorescences is relatively smaller than that 
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Fig. 36. Fluorescence and Excitation Spectra of V0(dbm)2 in EPA at 77° K.
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are emitted from the same chromophore, C6H5~(C=0)-C=C. By analogy, 
one can then assign the fluorescence observed in dried solution to the 
chelated complex of the V0(dbm)2 species and that observed from wet 
3MP solution to the ion-paired V0(dbm)2 species.
A structured fluorescence was also observed from V0(dbm)2 in 
EPA solution. This fluorescence has its 0-0 band at 383 mu and 
vibrational intervals of 1,260 cm 1 and 1,300 cm 1. The fluorescence 
excitation spectrum of the compound in the same solution shows a 
0-0 band at 378 mu. The vibrational intervals are l,l4o cm 1 and 
1,390 cm 1. These fluorescence and excitation spectra are the 
same as those that were observed from the same complex in dry 3MP 
solution and are assigned to the chelated V0(dbm)2 complex. There 
are bands in the region of 250-300 mu in the excitation spectrum.
These bands are probably the charge transfer bands of the complex 
(Table VI).
The phosphorescence spectra of V0(bza)2 and V0(dbm)2 observed 
from 3MP and EPA solutions are shown in Fig. 37. The excitation 
spectra are shown in Figs. 38 and 39* Both compounds have phosphores­
cences that appear at 490 mu, which have a vibrational frequency of 
1,400 cm 1. There is another phosphorescence observed from V0(bza)2 
which has its 0-0 band at 396 mu and has vibrational intervals of 
1 ,5 8 0 cm 1, 1,670 cm 1 and 1,200 cm 1. A similar phosphorescence 
was also observed from V0 (dbm)2 which has its 0 -0  band at 397 mu 
and has vibrational intervals of 1,610 cm 1 and 1,44-0 cm 1 . As it 
was discussed previously, the fluorescences of V0(bza)2 and V0(dbm)2  
suggest that these two compounds exist mainly as the chelated complex
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or the ion-pair in 3MF and EPA solutions. A small fraction of free 
ligand ions which may exist with the complex, might abstract a proton 
from the solvent molecules in EPA solution; however, such a proton 
abstraction is very unlikely to take place in JMP solution. Since 
both phosphorescences were observed from the compounds in 3MP and 
EPA solutions, they are more likely to be assigned to the ligand 
ions rather than to the tautomers of the parent ligands. Furthermore, 
since the phosphorescences are similar to those of benzaldehyde and 
acetophenone, it indicates that in both cases the excitation is 
localized on the benzoyl chromophore. The excitation spectra of the 
phosphorescences are also similar to those of banzaldehyde and 
acetophenone.7 557 Therefore, one may assign these phosphorescence 
and excitation spectra to the keto ion of the respective ligands.
It was mentioned before that in the case of the benzoylacetonate 
ions there are three possible isomers, Villa, VUIb, and VIIIc, in 
which the keto ion VUIb is probably the most stable. For the keto 
ion VUIb to attain an effective conjugation between the carbonyl 
and the phenyl groups these groups should be coplanar and in order to 
attain a maximum resonance effect between the two carbonyls, the 
Q'-carbon should be in the plane of the two carbonyls. The latter 
requires that the a?-carbon should have an sp2 configuration. How­
ever, a structure model shows that if the keto ion were planar, there
7. Kuo, J., o£. cit.
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Fig. 39. Phosphorescence and Excitation Spectra of V0(dbm)2 in EPA at 77° K.
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would be a hydrogen-hydrogen repulsion between the hydrogen atom at 
the ctf-carbon and that on the phenyl group. In order to minimize the 
hydrogen-hydrogen repulsions either the phenyl group should twist 
at an angle with respect to the plane of the carbonyls, or the con-
resemblance of the phosphorescence and the excitation spectra of 
this keto ion to those of benzaldehyde and acetophenone suggests
ground state as well as in the excited state. This configuration 
would result in a rehybridization between the keto ion and the 
enol ion and would increase the probability of observing transitions 
from both the keto ion and enol ion.
The first phosphorescence which has bands at ^90 mu and 
520 mu can be interpreted to be due to the chromophore, 
C6H5-(C=0)-C=C-0, of the enol ion Villa.
In the case of V0 (dbm)2 , there are two possible isomers of 
the ligand ions.
In a manner similar to the case of V0(bza)2 , the phosphorescence 
which has bands at k-^0 mu and 520 mu can be assigned to the enol ion
figuration of the cv-carbon should change from an sp2 to an sp3. The
that the or-carbon on the keto. ion has an sp3 conf iguration in the
H
0 0 0 0
/ \ c IX
CeHs £<3̂ 5 CsH5H
(a) (b)
IXb and that observed at 396 mu from the same compound can be assigned 
to the keto ion IXa.
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C . Nontransition Metal P-Diketoenolates
As stated in the previous sections, when the enol proton in 
the p-diketones is replaced by the vanadyl ion there is a little 
change in the absorption spectrum. However, quite different 
characteristic emissions from the chelated vanadyl complexes were 
observed. In order to understand the effects of the metal ion on 
the chelate emissions, Na(aca), Be(aca)2 , Th(aca).d. and some selected 
rare-earth metal chelates were investigated. The absorption bands 
observed for those compounds are listed in Table VII.
The absorption band of sodium acetylacetonate at 294- mu was 
observed from EPA and ethanol solutions. In both solutions, the 
absorption band exhibits a blue shift from 294 mu to 275 niu upon 
dilution. The more dilute the solution the more the band shifts to 
the blue. The apparent extinction coefficient of the maximum 
band decreases with increasing dilution. The spectra of Na(aca) 
in ethanol are shown in Fig. 40. Holm and Cotton27 reported an 
absorption band at 288 mu (e = 1.04xl04) for Na(aca) in ethanol 
solution; however, no blue shift of the band upon dilution was 
mentioned. A similar spectral change was also observed when the 
solution was allowed to stand for several hours. Apparently,
Na(aca) which probably does not exist as free ions in the solution 
is dissociated upon dilution. The luminescence study of this 
compound suggests that Na(aca) forms an stable ion-pair in EPA 
solution. Therefore, the band shift on dilution is probably due to
Table VII
Absorption Spectral Data of Metal ft-Diketoenolates
EPAa_____________    5MP3
■ Room Temp. 77°K Room Temp. 77°K
exlO"3 ^max(mu) ■̂max(mu) exlO-3 \ 11ax1
Na(aca)k 29k 294
Be(aca)2 291 13-9 294 292 37.2 294
Th(aca) 4 272 2 8 .6 273 271 24.6 273
Sc(tfa}3 29^.5 2 2 .8 302.5 301 10.9 293
Y{tfa) 3 290 22.7 289.5 290 8.9 288
La(tfa) 3 292.5 2 7 .0 290.3 280
Eu(tfa)3 292 26.4 291.5 290 13.4 290
' Th(tfa)3 291.7 2 6 .5 289 288 17.2 292
Y(hfa) 3 301 3 0 .2 300 298 298
La(hfa)3 302 28.4 302
Eu(bfa)3 301 3^-3 . 301
Th(hfa)4 303.5 303.5
a. Extinction coefficients are expressed in liter/mole-cm.
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Fig. 40. Absorption Spectra of Na(aca) at Room
 number, kK
Temperature and 77° K.
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a solvolysis and results in an increase of acetylacetone in the 
solution. Acetylacetone in 0.1 N NaOEt-ethanol solution shows an 
absorption band at 29^ mu which was assigned to the tt-tt* transition 
of the enolate ion.l5’27’29 The same band observed from Na(aca) in 
EPA and ethanol solutions therefore can be assigned to the tt-tt* 
transition of the enolate ion.
Be(aca)2 exhibits an absorption band at 292 mu at room temperature 
in JMP and EPA solutions. A marked vibrational structure appears at 
77°K. in the same solution. Th(aca)4., on other hand, has the band 
at 270 mu in both 3MP and EPA solutions. A weak band at 316 mu is 
more pronounced in EPA solution and is probably the enolate ion band. 
This assignment is consistent with the excitation spectrum of the 
emission observed from Th(aca)4 in EPA solution. None of the 
absorption bands corresponding to the fluorescence excitation bands 
of the respective chelated complexes (Figs. ^5 an(l were re­
solved from the absorption spectra of Be(aca)2 and Th(aca)4; 
presumably they were weak and were submerged under the intense 
band on the shorter wavelength side.
All the absorption spectra of the trifluoroacetylacetonates 
and those of the hexafluoroacetylacetonates of the rare-earth 
metals are almost identical to those of the respective enolate ions.
This fact reflects the ionic character of the rare-earth metal
15. Belford, L., £t _al., o£. cit.
27* Holm, R. H., ej: aj.., op. cit.


















Fig, 41, Absorption Spectra of Befacajg at Room 
Temperature, a: 1.10x10-4 M in EPa .
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Fig. b2. Absorption Spectra of Be(aca)2 at 77° K. 
as in EPA. b: in 3MP.
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chelates. The third formation constants of various rare-earth metal 
acetylacetonates range from 2. 5-3»6. 58 Both trifluoroacetylacetone 
and hexafluoroacetylacetone are more acidic than acetylacetone. 40 
If one assumes that there is a parallelism between the acidity of 
the ligand and the formation constant of the corresponding metal 
complex, 59 one would conclude that the trifluoroacetylacetonates 
and hexafluoroacetylacetonates of the rare-earth metals are more 
ionic than the acetylacetonates. Therefore, there is a significant 
fraction of free enolate ions in EPA solutions of these metal 
complexes. This may account for the close resemblance of the 
absorption spectra of the chelates to those of the respective 
enolate ions.
Be(aca)2 in fresh EPA solution exhibits a fluorescence and a 
phosphorescence. The fluorescence is relatively weak and has a 
0-0 band at 338 mu (Fig. -̂5)* The excitation band of this 
fluorescence appears at 330 mu. Since this fluorescence is very 
similar to that observed from V0 (aca)2 it is assigned to the 
chelated complex of Be(aca)2 - The phosphorescence has a sharp 
0 -0 band at 39® mu and has vibrational intervals of 390 cm 1 and 
7^0 cm 1. The excitation band of this phosphorescence appears 
at 308 mu. Since both the phosphorescence and excitation spectra
^0. Chemical Society, london, Special publication, o£. cit.
58. Grenthe, I., and W. C. Fernelius, J. Am. Chem. Soc., 82,
6258 (i960).











Pig. ^3. Absorption Spectra of Th(aca)z* at Room 
Temperature and 77° K.a and c at room temperature; b and d at 77° K,
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are different from those of acetylacetonate ion and those of the 
chelated complex, they are assigned to the ion-pair.
A similar phosphorescence was also observed from Na(aca) in 
EPA solution and was assigned to the ion-pair of Na(aca). The 
relative intensity of the 0 -0 band decreases in this compound, but 
the band position and the vibrational intervals are all the same 
as those of Be(aca)2 „ However, a sharp contrast appears when the 
two excitation spectra of the phosphorescences are observed. In 
both cases, the excitation spectrum exhibits a 0 -0 band at 308 
but the relative intensities of the other vibrational bands of the 
two compounds are quite different. Comparison of the excitation 
spectrum and the absorption spectrum of Be(aca)2 indicates that 
some fraction of the molecules in the higher vibrational levels of 
the excited state are probably quenched, and there results a 
decrease in the intensities of the excitation bands corresponding 
to those vibrational levels.
In order to account for the high melting point and ionic 
solubility behavior of the alkali metal acetylacetonates it 
was suggested that these compounds are essentially ionic60 and that 
the number of oxygens which are nearest neighbors equidistant 
from each alkali metal ion is probably greater than two. It was
also reported that the alkali metal acetylacetonates exhibit IR
spectra much like those polyvalent metal acetylacetonates. 54 ,60
5^. Lawson, K. K., ££. cit ■





















Fig. Total Emission and Excitation Spectra of Na(aca)
at 770 K.
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Fig. 45. Total Emission and Excitation Spectra of Be(aca)2 
in EPA at 770 K.
(a) Fresh solution. (b) Overnight solution.
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The results of the present investigation indicate that Na(aca) 
forms a relatively stable ion-pair in EPA solution; however, no 
evidence of any chelate formation was detected.
Na(aca) in EPA solution shows a phosphorescence of the enol- 
ion when the solution is allowed to stand overnight or is diluted. 
Comparison of the first phosphorescence at 59^ mu and its 
excitation spectrum observed from Na(aca) in fresh solution with 
those from old solutions indicates that the molecular geometry 
of Na(aca) probably varies on standing. Appearance of the enol 
ion phosphorescence strongly indicates that dissociation is taking 
place on standing. The same enol ion phosphorescence was also 
observed when solution was diluted. As mentioned before that it 
is probably due to a solvolysis; however, the detailed reaction 
in the solution is still not clear.
A similar but smaller change in the emission and excitation 
spectra of Be(aca)2 was also observed;. A weak phosphorescence 
of acetylacetonate ion appears at h50 mu with a vibrational fre­
quency of 1,^00 cm 1. In the excitation spectrum, a new band 
that corresponds to the enolate ion absorption band at J18 mu 
is superimposed on the chelate absorption band. This suggests that 
dissociation also takes place during standing. A relatively weak 
fluorescence of Be(aca) 2 appears at 558 mu and is unaffected by 
aging.
A singlet-triplet band was observed in the excitation 
spectrum of Na(aca) in EPA solution. This excitation band is 
observable only when the emission is monitored in the enol ion
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phosphorescence band, U5O mu. No such band was observed when 
the emission was monitored in the ion pair phosphorescence band 
of either 390 mu or 400 mu; even a 1 M concentration was tried. 
This band can be assigned to the transition that arises from the 
ground state of the ion-pair to the lowest excited triplet state 
of the same species. This singlet-trip let transition band, de­
tectable only from the enol ion phosphorescence excitation 
spectrum, indicates that the ion-pair probably dissociate in the 
excited state when it is excited directly from the ground state to 
the excited triplet state. Forster, £t: a_l.,28,61 observed a 
shoulder at 26,000 cm 1 in the absorption spectrum of Na(aca) and 
assigned it to a ligand singlet-triplet transition. Similar 
assignments were made for the bands observed in the same region 
for a series of chromium (3-diketoenolates. The high intensity 
(e = 400) for a singlet-triplet transition was ascribed to a 
mixing of the metal and the ligand orbitals.61’62
Th(aea)4 in EPA solution has a fluorescence with bands 
at 370 mu, 390 mu, and 4l0 mu, and its excitation bands are at 
365 mu and 3̂ -8 mu. The vibrational intervals of the fluorescence 
are 1,400 cm 1 and 1 ,2 0 0 cm 1 and that of the excitation is 
1,300 cut 1. The vibrational structure is similar to that of
28. Forster, L. S., ojk cit.
61. DeArmond, K., and Lr S. Forster, Spectrochimica Acta,
12, 1393 (1963).
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Fig, 46, Total Emission, Excitation and Absorption Spectra 
of Th(aca)if. at 77° k.
(a) In EPA. (b) in 3MP,
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VO(aca)2 in EPA solution. By analogy to VO(aca)2 , this fluorescence
ycan be assigned to the chelated ligand tt- tt transition. On the other 
hand, the phosphorescence can be assigned to the dissociated 
enolate ion. This can be clarified by comparing the phosphorescence 
and the excitation spectra of Th(aca)4 with those of Na(aca) and 
Be(aca)2.
It is worth rioting that all the acetylacetonates complexes 
studied in the present investigation exhibit fluorescence from 
EPA solutions but not from Jffl? solutions. However, in both 
solutions, these chelates show more or less phosphorescence of the 
enolate ion. One might assign the fluorescence observed from 
EPA solution to the species in which one ligand is dissociated.
If this is the case, the intense acetylacetonate ion absorption 
band (e = 2 .3xl0 4 ) should be observed in all absorption spectra 
of these metal acetylacetonates in EPA solution. Since no such 
band was observed in these compounds this possibility is ruled 
out.
Another possibility is that the fluorescence might be 
observable only when the metal-ligand bond is weakened to some 
extent by the solvent molecules probably through hydrogen 
bonding. Unfortunately, no direct experimental evidence is 
available to support or refute this point.
All the rare-earth metal chelates studied show the emission 
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Fig. 47, Eu^+ Emission, Excitation and Absorption Spectra
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Pig. ^9. Pu3+ Emission, Excitation and Absorption Spectra of 




Eu3 -̂ Ion Luminescence
        —  - • - ----- ■ ■■   ■ -   - -
Calcd.a Eu3"*" in L a C l ^ >c Eu(tfa)3 in EPA
77°K 77°K
& 0 1 -J 0 17,374 cm' 1 17,267 cm ” 17,249 cm'
5Di -* 7F3 17,057 17,179 16,992
5D0 - tFi 1 7 ,0 0 0 1 6 ,9 1 2 1 6 ,8 7 8
^ 2  -> 7f 6 16,486 16,587 (4.2°K) 1 6 ,7 8 6
^ 0  -* 7f2 16,338 16,244 16 ,2 1 1
®Di 7F4 16,079 16,274 1 6 ,2 9 5
16,159 16 ,0 9 8
a. Ofelt, G. S., J. Chem. Phys., 3 8, 2171 (1 9 6 3).
b. De Shazer, L. G. , and G. H. Dieke, ibid., 3 8 , 2190 (1 9 6 3).
c. Only the most intense bands are shown here.
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Europium chelates show an intense metal ion luminescence, 
in both JMP arid EPA solutions at room temperature and at TT°K.
The spectra of Eu(tfa)3 are shown in Figs. V7-^9* The resonance 
emission bands of Eu3+ were assigned on the basis of a theoretical 
calculation63 and the experimental data of Eu3*" in LaCl3 
matrix.6- (Table VIII).
The ligand enolate ion phosphorescence was observed only
at T7°K from EPA solution. The excitation bands of the ligand
-Lenolate ion phosphorescence and those of the Eu ion emission 
are essentially the same. By comparison of the excitation 
spectra and the absorption spectra of Eu(tfa) 3 in 3MP and EPA 
solutions with the excitation spectrum of trifluoroacetylacetone 
in NaOEt-mixed alcohol solution, one may conclude that energy
ttransfer from the dissociated ligand ion to free Eu3 takes 
place in the solution.
D. Energy Transfer Mechanism
As discussed in the previous sections, it is possible 
to observe several emissions from the metal chelate solutions 
due to the existence of dissociated and undissociated species
6 3. Ofelt, G. S., J. Chem. Phys., 2171 (1963).
6b. De Shazer, L. G., and G. H. Dieke, ibid., ^8 , 2190 (1963)*
I
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in equilibrium. For simplicity, let us consider the following 
equalibria,
ML M+ - • -L“ M+ + L"
in which L is a ligand and M is the remainder of the metal chelate 
+ML. M •••L represents an ion-pair of the metal chelate ML.
Schematic potential diagrams for the species of these 
equilibria are shown in Fig. 50 for the ground state as well 
as the excited states. The relative potential minima of the 
respective species are dependent on the molecule and the specific 
environment.
Suppose the relative potential minima along the axis,
+the distance between the M and the L species, are those shown
+in Fig. 50- The potential minima for the species M and L
are not included in this figure because these potential minima
are better represented by other coordinates. In the ground state
the species are in equilibrium. Therefore each species can be
raised to its respective excited state by appropriate excitation.
From each excited state the species may return to its own ground
state with corresponding emission through the path k^, and
k g , and/or intersystem crossing to the respective first
triplet state, followed by emissive paths k , k * and k  " to the groundP p P
state. In case that any of the species is predominant the ab­







ML M+ •••L" MT + L‘
% L  —
Fig. 50* Schematic Potential Diagram for the
Energy Transfer Processes Leading to the 
Various Emissive States in Metal Chelates
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Suppose that the chelated complex molecules are pre­
dominant in the ground state and that the chelated complex 
molecules are raised by path ko to the singlet state Si. From this 
state the molecules may either return to the ground state Sq 
through path kf or undergo intersystem crossing to the higher 
vibrational levels of the first triplet state Ti. Suppose the 
vibrational energy of this state is greater than its dissociation 
energy; then production of either the free metal ion in its ground 
state and the ligand ion in its Tiff state or the free metal ion 
in its Tl±u and the ligand ion in its ground state could occur 
rather rapidly after crossover. Consider the case when the 
original excitation is localized in the ligand. Then after cross­
over, it is more probable that the ligand will be in Ti" state 
from which the ligand phosphoresces unless the metal ion has a 
lower lying triplet that permits energy transfer from the ligand 
to the metal ion to take place efficiently. The latter possibility 
will lead to an emission from the metal ion. Thus, intersystem 
crossing from the Si to the Ti state results in observation of 
emission from the dissociated species. This requires that the 
energy level of the Hx" state be lower than that of the Si state.
Getting the molecule in the Si state to crossover to the 
Tif state requires that (i) the energy level of the Ti7 state 
be lower than that of the Si state and (ii) the energy level of 
the Ti" state be higher than that of the Si state, otherwise the 
vibrational energy of the molecule will lead directly to the
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Ti" state rather than to the ion-pair state Ti7. This latter 
requirement minimizes the possibility of observing any phosphores­
cence from the ion-paired species.
The transfer from the Si state to the Si7 or the Si" state 
is relatively unfavored. However, if the molecule is raised to 
a vibrational level of the Si state which is higher than that of 
Si7 or Si", the transfer might occur. But such a transfer in­
volves competition between the rate of vibrational relaxation and 
the rate of transfer. This transfer becomes more favored when 
Si and Si7 or Si" energy levels are close to each other, that is 
when the chelated molepule is weakly associated in the excited 
state. This, is probable when the solvent is assistively stabilizing 
the dissociated species. In general, the probability of observing 
emission from the chelated complex molecule decreases and that of 
observing emission from dissociated species increases with in­
creasing the solvent polarity.
Therefore, one may conclude that the observation of multiple 
emissions from metal complexes requires
(i) an appropriate stability of the chelated complex,
(ii) a dissociative lowest triplet state energy level, 
that has lower energy than the first singlet state 
of the chelated complex,
(iii) a rate of dissociation in the excited states that 
is competitive with the rate of vibrational relaxa­
tion of the excited states of the chelated complex,
i38
(iv) a proper solvent environment,
and in addition to these requirements, the observation 
of emission from ion-paired species further requires that
(v) the rates of dissociation and association should 
be slow, so that the species can have a lifetime 
which is long enough to permit emission.
A similar energy transfer mechanism for observation of two 
emission spectra in a molecular complex was based on the charge 
transfer theory and has been discussed by McGlynn. 65 This 
suggests that there is a similarity in energy transfer between 
the charge transfer molecular complexes and the chelated metal 
complexes.
Of all the possible luminescences from metal chelates the 
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VO(hfa)2 in 3MP 
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VO(aca)2 in EPA 
VO(hfa)2 in 3MP 
VO(bza)2 in IFMP
6 5. McGlynn, S. P., Chem, Rev., _̂8 , 1113 (1958)*
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(b) Ion-paired complex Na(aca) in EPA 
Be(aca)2 in EPA
(c) Free ligand ion VO(aca)2 in EPA 
VO(hfa)2 in EPA 
VO(dbm)2 in EPA
That no ion-paired complex phosphorescence was observed in 
the present study, except that from Na(aca) and Be(aca)2, may 
be due to the fact that the first triplet state of all the 
enolate ions investigated are at lower energy than the first 
excited singlet state of the respective metal chelates. As stated 
above, any dissociation in the triplet manifold of the chelate 
will lead to the free ion when these relative energies exist.
The effect of the heavy metal atom on the ligand requires 
that the larger the metal ion the faster the rate of intersystem 
crossing. Accordingly, vanadyl chelates should be expected to 
have more intense chelate phosphorescences than the sodium and
beryllium chelates. However, contrary to this prediction, 
vanadyl f3-diketoenolates show only relatively weak chelate 
phosphorescence. But Na(aca) and Be(aca)2 show very intense ion- 
pair phosphorescence.
The difference in phosphorescence intensity can be ascribed 
to the relative energy levels of the chelate and the enolate ion. 
As an example, let us consider Na(aca) and VO(hfa)2. In the case 
of Na(aca) which exists as ion-pair in the solutions, the enolate
■ 140
ion triplet state Tiff probably lies above the ion-pair singlet 











Thus, the molecule after crossover to Ti1 will not be so easily 
dissociated into the enolate ion. Therefore Na(aca) shows 
essentially ion-pair phosphorescence.
In the ease of V0(hfa)2 the first excited triplet state 
of the enolate ion, Ti^, may lie below the first excited singlet 
state of the chelate, Si. Then the chelate molecule after inter­
system crossing to the Ti state would readily dissociate to the 
enolate ion Ti;/ state, and would give predominantly the enolate 
ion phosphorescence.
It has been reported that the energy transfer between the 
central metal ion and the ligand in the rare-earth metal chelates
lAi
is of the intramolecular type. 66 However, Heller and Wasserman67 
demonstrated that the energy transfer from excited organic compounds 
to rare-earth ions occurs in 4ifute solutions. This suggests that 
intermolecular energy transfer from excited free enolate ions to 
free rare-earth metal ions is also possible.
According to the present investigation two types of energy 
transfer from the enolate ion to the metal ion are possible.
(1) Energy rransfer can take place immediately after 
intersystem crossing of the excited chelate mole­
cule to the chelate first excited triplet state and 
be followed by a dissociation.
(2) Energy transfer can occur from free enolate ion in 
its first excited triplet state to the free metal ion 
in its ground state.
The. energy transfer mechanism (l) can account for the fact 
that metal ion emits energy which is greater than the ligand 
triplet excitation energy and for the independence of metal 
emission lifetime, 66 because the energy transfer occurs in the 
higher vibrational levels of the chelated complex which are at 
higher energy than the zeroth vibrational energy level of the 
ligand ion first triplet state. Consequently metal ion will
6 6. Crosby, G. A., R. E. Whan, and R. M. Alire, J. Chem. Phys.,
(1961).
6 7. Wasserman, E. and A. Heller, J. Chem. Phys., k2 , 9̂ -9 (1965)-
receive an energy greater than that of ligand zeroth vibrational 
level of the triplet state manifold if the metal ion has an energy 
level at the same level. Since the metal ion is independent after 
energy transfer, it exhibits a lifetime which is independent of 
the ligand triplet lifetime.
The second mechanism accounts for the fact that the excitation 
band of the metal ion emission and that of the ligand phosphores­
cence are the same as that of free enolate ion phosphorescence, 
e.g., see Fig. 48.
E. Charge Transfer Bands of Metal Acetylacetonates
Attempts have been made to correlate the shift of the ligand
rr-TT* transition bands of the metal acetylacetonates with some
property of the metal ion, the nature of the complexes.15,16,27,68,69
2TAlthough Holm and Cotton concluded that the absorption bands of the 
metal complex are sensitive to a number of parameters which are 
inseparable, it was suggested16,29 that the effect of metal-ligand
27. Holm, R. H. and F. A. Cotton, 0£. cit.
15. Belford, R. F., A. E. Martell and M. Calvin, o£. cit.
68. Basu, S. and K. K. Chatterji, Naturwissenschaften, 42, 413
(1955)j h i ,  124 (1956).
6 9. Basu, S. and K. K. Chatterji, Z. Phys. Chem., 209, 360 (1958).
16. Barnum, D. W., op. cit.
2 9. Barnum, D. W. , 0£. cit.
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t t - interaction in the trivalent transition metal complexes is 
possibly large enough that it stands out over the other effects.
If one allows some extent of mixing of the metal and ligand orbitals 
in the complex, one would expect a charge transfer from the metal 
to the ligand when the complex is raised to some higher excited 
state, that is
h3gn h 3c x
0 \ hv ^  c “ 0 -. +C X M/n  ► (T ,'M/n
Nc = o^ c = o/ x' *h 3g h 3c
in which n is the number of ligands and the star on the acetyl- 
acetonate ion indicates that the ion is in its excited state. 
This charge transfer transition requires a greater excitation 
energy than that required for the intraligand tt- tt transition. 
This may account for the shift of the ligand tt- tt transition 
upon chelation of aca with the metal ion.
According to the ltfulliken's charge transfer theory70 the 
wave function of the ground state N of any metal complex can 
be written as
Yn  = a*o + ^  + • • • (1)
in which Yq is a "bonding" wavefunction Y(M-L), and Yx is 
a "no-bond" or "ion-pair" wavefunction )
70. Malliken, R. S., J. Am. Chem. Soc., 7̂ -, 8 ll (1952).
corresponding to transfer of an electron from the metal M to the 
ligand L.
The ground state energy W.̂  of the complex ML is
» (Hoi - SWo)2 ,W.T = r Yw H YM dT ~  Wo - — -------- ~  +
N N (Wi - Wo)
(2)
in which
Wo = J Yo H Yo dT
Wi s J Yi H Ya dT
Hoi = J Yo H Yi dx
S s J Yo Yi dT
H is the exact Hamiltonian operator for the entire set of nuclei 
and electrons.
In addition to the ground state wavefunction given by Eq. (l), 
there exists an excited state wavefunction Yg of the form
Ye = a* Yx - b* Y0 + •••* (3)
ywith a ~  a and b ~  b. The excited state energy corresponding 
to the wavefunction YE is
(Hoi - SWx)2WE = Wi + -------------- +   (4)
(Wi - W0 )
For a particular case, there exists an excited state wavefunction 
Ye* of the form
Ye* = a* Yi* - .b* Yq +   (5)
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in which Yi* = Yi* (M ..*L ), an excited state wavefunction of
of the ion-pair MT*"L in which an electron on the highest occupied 
pi-orbital of the ligand ion is raised to the lowest unoccupied 
tt -orbital of the same ligand ion. The excited state energy 
corresponding to the wavefunction Yg* has a form similar to that 
of Eq. (4) and is
(Hoi* - SW/ ) 2W * = W *  + -------------------- + .... (6 )
E (Wi* - W0)
*The energy difference between Wi and Wi is equal to *, the 
excitation energy of the tt-tt*  transition of the ion-pair, that 
is Yi. Yi*.
W * = Wi* - Wi (7)TT-TT
The transition energy corresponding to the transition Y^ -+ Yg 
can be obtained by subtraction of Eq. (2) from Eq. (6 ).
* (Hoi* - SWi* ) 2 , (Hoi - SW0y ,AE = W * - W = Wi* - Wo +     +   —  +
(Wi -Wo) (WX - Wq )
. (Hoi* - SWX)2 . (Hoi - SW0)2= w * + Wi - Wo + ■ ■ 1 ■ +   to}
_Tr W„ * + Wi- W0 (Wi “ Wo)tt-tt
1 h6
For convenience one can write71
Wi - Wo - Ij, - El - (e2 /r) + CML (9)
in which 3^ is the valence state ionization energy of the metal, 
is the electron affinity of the ligand, (e2/r) is the coulomb
energy of the excited state with a separation of charge equal to 
r, and ^  the difference between all additional energy 
quantities in the chelated and in the ion-pair forms. It will be 
assumed that in the case of complexes with a common ligand the 
greatest variation in the several quantities is in the ionization 
energy Iĵ  of the metal. Then one may write Eq. (9) in the form
The D and (3 are approximately constant quantities.
71. Hastings, S, H., J. L. Franklin, J. C. Shiller and F. A. 
Hatsen, J. Am. Chem. Soc., 7 5 , 2900 (1953)*
Wi - Wo = Ijj - D (10)
and Eq. (8 ) in the form
(11)
in which
= (Hoi - SW0)2 pr (Hoi* - SWi*)2
Eq. (11) can be rewritten in the form
V7TT-TT (12)
For a particular ligand is a constant. Figure 51 shows
the result obtained by plotting the experimpntal data for the transi­
tion energies of the metal acetylacetonates against the average 
ionization potentials of the metal. (See also Table XX).
There are several sets of curves which have apexes on
the horizontal line AE = W_ *. The transition energy that fallsTT-TT '
on the line AE = W * implies that the transition is one from the
ground state of either the ion-pair or the dissociated ligand ion 
to its excited state. The ground state and the excited state
metal-ligand charge transfer character.
On the other hand, the transition which has an energy higher
transfer character. A transition of one group fits a particular 
curve. Several compounds have multiple transitions each of which 
fits a different curve. The first case implies that the charge 
transfer involves the same orbital of the metal in different 
compounds and the second case implies that the charge transfer 
involves different orbitals of the same metal. Since the ionization
TT-TT
w a v e f u n c t i o n s  o f  t h e  i o n - p a i r  a r e  Yjj =  Yl a n d  Y E  =  Y i  
r e s p e c t i v e l y .  T h e r e f o r e  t h e  t r a n s i t i o n  i s  a  tt-tt* t y p e  w i t h o u t




























IONIZATION POTENTIAL Iav (ev)
Fig.51 Correlation Diagram of the Ionization Potentials 
and the Charge Transfer Band Energies of Metal 
Acetylacetonates, The numbers refer to the 
compounds listed in Table IX,
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Table IX
UV Absorption Spectral Data for Metal Acetylacetonates 
and Ionization Potentials for Metals
Vax EtOHa 
Metal (mu) (ev)
1. Be 292 4.24 13 .7 0
2. Mg 284 4.36 1 1 .2 9
3. Ca 290 4.28 9.96
4. Sr 282 4.4o 8 .3 3
5. Ba 288 4.30 7.57
6. Zn 284 4 .3 6 1 3 .6 3
7. Cd 289 4.29 1 2 .9 0
8. Ni(H) 294 4.21 1 2 .9 1
9. Fe(lll) 237 5-23 i8.24c
273 4.54
10. H 271 4.57 13.53
11. Gu(ll) 242 5.12 14.01
294 4.21
12. Sc 296 4 .1 9 1 4 .7 0
13. Ti 243 5 .1 7 16 .0 0
265 4.68
280 4.43
290 4 .2 8
i4. v(iix) 228 5.44 15.74
279 4.44
290 4.28




16. Co(lll) 228 5.44 19.47
256 4.84
295 4.20
a. 7tmax ^or fi-rst 10 metal complexes was taken from R. H.
Holm and F. A. Cotton, J. Am. Chem. Soc., 80, 5658 (1958).
The rest of the data was taken from D. W. Barnum, J. Inorg. 
Nucl. Chem.. 21, 221 (196l).
b. R. C. Weast, "Hand Book of Chemistry and Physics," 48th ed.
The Chemical Rubber Co., 1968.
c. F. A. Cotton and G. Wilkinson, "Advanced Inorganic Chemistry,11 
Interscience Publ. 1962.
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energies of valence states which involve different orbitals of the 
metal are different, therefore, in order to have all of the different 
charge transfer transitions which involve different orbitals of the 
same metals fit a single curve, the ionization potential of the valence 
state which involves that particular orbital should be used in­
stead of the average ionization energy of the metal. If it is 
assumed that there is a linear relationship between the valence 
state ionization potentials and the average ionization potential, 
such as
L  = A I  + B,M av *
it would explain the fact that different charge transfer transitions 
of the same metal fall on different curves the apexes of which lie 
along the AE = line at different positions on the I&v axis.
An expression similar to Eq. (12) has been used to correlate 
the absorption bands and ionization potentials of molecular 
complexes.71 In that case the electron donors were organic com­
pounds and the charge transfer is expected to involve p^-orbitals 
of the organic compounds, therefore the experimental data fit a 
single theoretical curve reasonably well.
No attempt was made to evaluate the (3 and D values in 
Eq. (12) by means of the data listed in Table IX. It was felt 
that more spectral data for other metal acetylacetonates are
71. Hastings, S. H., et al., op. cit.
necessary for the calculation. The main purpose of this discussion 
is to present a possible way of correlating the shift of the tt- tt*  
transitions of the aca upon chelation with the metal ions. 
Theoretical calculations based on the charge transfer theory should 
be made in order to verify the interpretation given in this 
discussion and to identify the orbitals involved in the charge 
transfer. Thus, the nature of the bonding between the metal ions 
and the p-diketoenolate ions may be further understood.
IV. SUMMARY AND CONCLUSION
Acetylacetone and hexafluoroacetylacetone have absorption 
bands at about 2J0 mu, but when the solution containing one of 
these compounds was monitored in this band no emission was ob­
served. This lack of emission is attributed to charge transfer
•X*through the enolic proton involved in the tt- tt transition. 
Tautomerization, the rapid proton transfer between the oxygen 
atoms of a (3-dicarbonyl, deactivates the excited molecule rather 
rapidly, and no emission is observable from these compounds.
In the case of trifluoroacetylacetone, which has an electron- 
withdrawing trifluoromethyl group at one side and an electron- 
donating methyl group at the other side of the chelate ring, emission 
from the charge transfer tt- tt* state was observed. This is attributed 
to the unsymmetric substitution on the chelate ring that causes 
different polarity on two oxygen atoms of (3-dicarbonyl and retards 
charge transfer through the enolic proton.
The difference between this unsymmetric (3-diketone and the 
symmetric p-diketones in absorption and emission spectra, in other 
words, can be attributed to the different heights of the potential 
barrier between the potential minima of the isomeric tautomers.
The emissions observed in acetylacetone and hexafluoro- 
acetylacetone belong to the respective enolate ions. In tri- 
fluoroacetylacetone, the emissions come from the charge transfer 




Two emissions from the enolate ions of the p-diketones are 
attributed to the two isomeric forms of enolate ion, the keto-ion 
and the enol-ion. This conclusion is based on the fact that the 
excitation bands corresponding to those emissions are super­
impossible on the enolate ion absorption spectrum.
Hexafluoroacetylacetone exhibits a peculiar spectrum change 
in EPA solution upon standing. The kinetic and equilibrium data 
are interpreted in terms of a dissociation and complex formation 
that take place during aging; the final equilibrium system 
consists of two tautomeric forms of hexafluoroacetylacetone, two 
isomeric forms of hexafluoroacetylacetonate ion, and the alcoholate, 
possibly the diethanolate.
In addition to the tt- tt*  intraligand absorption band, 
aliphatic (3-diketoenolates of oxovanadium(lV) show a charge 
transfer TT-TT* transition band. The charge transfer facilitates 
the tautomerization which is responsible for the rapid deactivation 
of the excited chelate molecule. Similar to trifluoroacetyl­
acetone, VO(tfa)2 exhibits emission from the charge transfer 
tt- tt*  state. The same rationale discussed in the case of the 
(3-diketones is also applicable to the metal chelates.
Vanadyl (3-diketoenolates in the proper media show charac­
teristic chelate complex emissions as well as the enolate ion 
emissions. In addition, VO(bza)2 and VO(dbm)2 exhibit ion-pair 
complex emissions. The existence of these ion-pair complexes are 
attributed to the solvent assisted stabilization of the ion-pairs.
15^
The same solvent effect also accounts for the existence of the 
chelate tautomers of VO(bza)2. The difference between the emission 
of the ion-pair complex and that of the chelated complex is due to 
the existence of the different chromophore in each species.
The bands that appear in the higher energy region of the 
excitation spectra of the vanadyl chelate emissions are interpreted 
to be metal-ligand charge transfer bands. The charge transfer 
arises from an orbital which is mainly localized in the ligand to an 
orbital which is essentially that of the metal.
A singlet-trip let band was observed at 25,^0 cm 1 for 
V0(hfa) 2 and 25,9®0 cm 1 f°r Na(aca).
The emission and excitation spectral studies indicate that 
Na(aca) and Be(aca)2 form a relatively stable ion-pair in EPA 
solution. Be(aca)2 and Th(aca)4 exhibit metal chelate emission 
and enolate ion emission, whereas rare-earth metal chelates show 
essentially enolate ion emission. Metal resonance emission was 
observed from Eu(tfa)3 in JMP and EPA solutions.* I
Multiple emissions observed from metal chelates are interpreted 
by means of a predissociative energy transfer mechanism and the 
dissociation of the metal chelates in the ground state.
The shift of the ligand tt- tt transition bands o f  the metal 
acetylacetonates was interpreted to be a result of charge transfer 
from the metal to the ligand. Effect of the central metal ion on 
the electronic spectrum of the ligand is rather small. No appreciable 
difference can be observed between the absorption spectra of the 
metal chelates and their parent ligand in most cases.
However, there is a significant difference between the 
emission spectra of the metal chelates and those of the respective 
g-diketones. This characteristic difference between the emission 
spectra of the metal chelates and those of the parent ligands implies 
the existence of the covalent bonding as well as TT-bonding between 
the central metal ion and the ligand. Therefore, in the interpretation 
of the absorption spectra of metal chelates in solution in the 
region that shows the ligand absorption band, some attention should 
be paid to the fact that the metal chelate does not exist as a 
pure species but rather as a equilibrium mixture in the solution.
In order to avoid possible misinterpretation, excitation spectra 
as well as absorption spectra should be obtained even though utiliza­
tion of excitation technique has certain limitations.
Furthermore, since the metal ion causes significant perturba­
tion of the ligand singlet-triplet transition, the band intensity 
of this transition is enhanced. Further investigation of those 
singlet-triplet bands by means of phosphorescence excitation 
technique may clarify some of the ambiguous interpretations that 
have been reported.
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APPENDIX I
the absorption spectra of acetylacetone and benzylideneacetone
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MEASUREMENTS OF THE LIFETIME OF THE PHOSPHORESCENCES OF 




In a case in which energy transfer occurs from the lowest 
triplet excited state of one species to that of another species, in 
the manner shown below,
T
in which k', k" are the energy transfer rate constants and ki, k2, 
and k3 are the rate constants for the deactivation processes other 
than the k 7 and k". The rate equations for the decay of the 
respective triplet states are
“ = <kl + k') T
(2) 
(3)
dT- = (ka + k") T' - k 7 T
k3 T" - k" T7
in which T, T 7 and T" are the populations of the triplet states.
16k-
Let
■̂1 = ki + k #
X2 = k2 + k"
^3 •m•MIII
we have
T == To e - \ i t
in which To is the initial population of the state T. From 
Eqs. (2) and (4)
- ^  = *2 T' - k'T0e_Ut
X f*After multiplication of both sides of the equation by e 2 , 
integration gives
T / e*-2t = k/To j. e ( \ s - \ x ) t  dt + ^
 k,lTa „ - Xi)t + Ci
^2 “ ta.
At t=0, T' = To7 therefore,
k'ToCi = Tq ' - JX2 - Xi
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and




= (To' - k'T9 ) e-Xst + k 'T° e"Xlt. (5)
X2 - Xx X2 - Xx
Combination of Eq. (3 )
" d if = X s T "  " k "  T '
and Eq. (5) and further operations give
T" e^3t = k,/j c(To, _ _ ^ 0 ) e(X3-X2)t + _k^To_ e(X3-Xx)t + ^
X2"Xx X2“Xx
_  k" {[  -- ~ ^ T° -1 e(^3-^2)t
X3“X2 (X2-Xx)(X3-X2)
k ^ o  (X3-Xx)t+ ----------- e } + c2
(X2-Xx)(X3-Xx)
At t = 0, T" = To“ therefore




T" = e~Xst {T0"-k*[ ■ -  ^ 9 ----- +    ]
X3-X2 (^2“ -̂X) (^3“^2) (X2-Xl)(\3~Xl )
+ k"rv To,/ k'Tp   \ e(^3- 2̂)t
\q-'K2 ( \s.~Xl ) ( ̂ 3“ 2̂)
+  ______ k /T°______  e (^3“^l )tn 1
(X2 -X1 )(X3-X1 )
Ft, ,// p T° - k/To ____  + ______k T° ]}
^3-^-2 (^2“^ 1 )(^3 -̂ -2 ) (X2“^l )(X3-Xl)
+ — loI _ -----^ 2 ---- ] e“X2t
X3-X.2 ( Xg-Xi ) ( X3-X2)
+ k"[ h ll2  ] e-Xlt (6 )
(X2”Xl)(X3-X1)
The total phosphorescence Intensity, I, at any time t will be















kp, kp' and kp" are phosphorescence rate constants. 
Substitution of Eqs. (^), (5) and (6 ) into Eq. (?) gives
I = A To e'Xlt + ( V  - J^2_). e'^]A2-Al A2-Ai
+ C{  L'fclfe. . . e “Xlt + k"t-^“ -  -- — ---- ]e"X2t i
(^2“^l)(^3“^l) X3-X2 (X2-X1HX3-X2)
+ Ct To'-**  S252- + --- ^ 2 ---  ]} e-^t
X3-X2 (X2-X1)(X3-X2) (X2-X1KX3-X1)
= [A To + k'ToX2 “Xl
(B + C k 
X3-X1
■)] e_Xlt+ (To'- Xo-X X3 - X'
e - x 2 fc
+ C{ To"- k" ^ ----- ^ ------+  b ll2 --- ]} e-X3t (8 )
X3-X2 (X2-X1)(X3-X2) (\2 “Xl)(X3-Xl)
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With
Io = A To + k/-fc (B + C-— )
X2~Xx X.3"̂ -X
Io' * (To' - r ^ )  (B + -£-£•)A.g-Ai A3-X2
Xo" = c[To" - k" [— Sal  --- £5°---  + -----^ 2 ---- ]}
\3~X2 (X.2~Xl ) (X3-\2 ) (^2 _Xl)(X3 -Xi)
Eq. (8 ) becomes
I - Io e‘Xlt + Io' e“X2t + I0" e"X3t. (9 )
A semilogarithum plot of the intensity vs. time gives three 
sections and each section has a slope Xx,X2 and X3, respectively.
The phosphorescence lifetime of each species can be obtained
by
r x = 1/Xi
t£ = 1/X2 (10)
t3 = I/X3
»
In other cases Eq. (9) is also applicable.
The shape of the semilogarithum plots of the phosphorescence 
intensity vs. time in the case of the hexafluoroacetylacetones (Figs. 
A3, Ak and A5) is different from that of the other compounds. This
can be interpreted to indicate that in the case of the hexa- 
fluoroacetylacetonates in EPA solution the phosphorescence of the 
species which has the lower excited triplet state energy has a 
greater intensity and a shorter lifetime than that of the species 
which has a higher excited triplet state energy. Since the energy 
difference of each species between the excited triplet state and 
the ground state is unknown, it is difficult to assign the phosphores 
cence lifetime to a particular species. A similar difficulty exists 












Pig, A2. Lifetimes of the Phosphorescences from 
Haca in 3M3? at 77°








Fig. A3. Lifetimes of the Phosphorescences from Haca and Hhfa 















Fig, A4, Lifetimes of the Phosphorescences from V0(hfa)2 
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PiS. A5. Lifetimes of the Phosphorescences from 
V0(hfa)2 in EPA at 77° K.
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